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SUMMARY 

Following closure of a geologic repository for spent fuel, geologic 

processes may change disposal geometries and spacings, and water may enter 

the repository. In this document the conditions required for criticality of 

spent fuel constituents are identified. Parametric studies evaluate the 

effects of various factors for two very different possible situations. 

The first study addresses the effects of the residual fissile content 

of spent fuel. Residual fissile content depends upon both the initial en-

richment of the fuel and the duration of in-reactor fuel exposure achieved. 

The calculations assume spherical geometry (worst case) because of the 

possibility that geologic effects might alter dispoal geometry prior to 

decay of the fissile isotopes. Neutron moderation and reflection by water 

was assumed since water exclusion cannot be guaranteed for millenia. 

The calculations performed for this study determine minimum critical 

masses (MCM) of spent fuel actinides as a function of in-reactor fuel ex-

posure for a variety of cases chosen to provide single parameter variations 

from a base case. The base case was a homogeneous mixture of water and 

actinide oxides from PWR fuel initially enriched to 3.5 wt%. The actinide 

isotopes includes were those of uranium and plutonium, plus 237 NP , 241 Am 

and 244Cm • Fission product effects were not included for most cases, since 

they could be lost by leaching and aqueous transport from a homogeneous 

water-fuel mixture. Parametric variations from the base case which were 

explored included the effects of initial fuel enrichment, post-exposure 
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radioactive decay, the addition of rock materials to the mixture, and others 

as discussed below. 

Calculated values of actinide MCM as a function of '~uel exposure 

exhibit the same general behavior for all cases studied. In general, 

for optimum water to fuel ratios actinide MCM values incl'ease slowly 

with exposure until the neutron multiplication factor for an unlimited 

quantity of the mixture, koo, drops near unity. Then the MCM increase with 

exposure becomes much more rapid. Graphs of MCM and koo values versus fuel 

exposure are plotted in the body of the report for the cases studied. 

PWR fuel assemblies contain a large amount of fuel--,about half a metric 

ton. This is many times the MCM of fresh fuel. Due to 1~e slow initial 

change of MCM with exposure, for the base case the actinide MCM does not 

increase to equal half of the quantity in a single fuel assembly until the 

fuel exposure exceeds almost two thirds of the design exposure of the fuel. 

After this, despite the more rapid increase of actinide ~[M with exposure, 

the base case actinide MCM does not increase to equal the quantity in a 

single fuel assembly until more than 80% of the design exposure is achieved. 

Therefore, the successful achievement of fuel design exposures, and the 

ability to verify this by measurement instrumentation, are important factors 

in minimizing the criticality potential of spent fuel. 

Radioactive decay changes spent fuel isotopics with time. For base 

case fuel exposed to 30,000 MWD/MTM the actinide MCM is roughly doubled 

during the first 100 years after discharge due to decay of fissile 24lpu. 

This effect is then reversed, and the actinide MCM decreases to a minimum 

after 30,000 years. At this minimum the actinide MCM is 72% of its value 
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10 years after discharge. This decrease is caused by decay of 241 Am and 

240 pu , with the larger effect caused by 240pu decay. Future assessments 

of criticality potential for specific scenarios of geologic disposal of 

spent fuel should include this effect. 

The inclusion of materials other than spent fuel and water in the 

calculational model increases calculated MCM values by reducing the 

density of fissile material. When it is assumed that 60 volume percent 

Si02-A120311rockli is homogeneously mixed with the base case spent fuel

water mixture, the actinide MCM is increased by a factor of five for fuel 

exposed to 20,000 MWD/MTM. As a consequence of this, it is clear that 

minimizing void space in repository and disposal canister design (e.g. 

backfilling around canisters and adding inert filler materials inside 

canisters) will help minimize the potential for criticality. 

Calculated values of actinide MCM are greatly reduced (less fuel is 

required for criticality) when the base case fuel is assumed to be in the 

form of unclad rods instead of a homogeneous fuel-water mixture. However, 

to ignore fission product effects while assuming intact fuel pellets is 

unrealistic, and these results may be unnecessarily conservative. Calcula

tions which include fission products with the fuel in its original rod 

form show that for a fuel exposure of 30,000 MWD/~~M the fission products 

decrease neutronic reactivity as much as the rod form of the fuel increases 

it . 

The presence of salt in the moderator greatly reduces criticality 

potential. For unexposed 3.5% enriched fuel rods moderated by saturated 
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brine and configured into a spherical lattice at optimum spacing, criti

cality requires a fuel mass exceeding that of three PWR fuel assemblies. 

Criticality will either not be possible or will require t~xtremely large 

fuel masees for fuel in its original rod form that has bl~en exposed more 

than 10,000 MWD/MTM, or for homogeneous fresh fuel-brint~ mixtures. 

The second study addresses the effects of the selec":ive accumulation 

of a large quantity of Pu in a rock-like environment (a sand or gravel bed, 

perhaps). For this to occur would require that water enter a repository, 

gain access to many canisters of spent fuel, and then dissolve, transport 

and selectively deposit Pu in a local accumulation of si!jnificant quantity, 

concentration and purity. If by some chance all this should occur, criti

cality could result. A criticality under this unlikely ~;cenario has the 

unique possibility that it might not be terminated by drying out. This 

would not be possible for a critical ity fueled with low-Emriched uranium. 

The energy released by such a criticality might be considerably greater 

than the energy released by a criticality terminated by ""ater evaporation. 

A criticality not terminated by water expulsion could occur following 

accumulation of a large quantity of Pu in water saturateci rock at a concen

tration below the minimum critical Pu concentration Cmin , if neutron 

absorption were then reduced so that Cmin decreased. Possible causes of 

reduced neutron absorption could be partial water loss or' the readioactive 

decay of 240 pu . The onset of criticality would expel water, further re

ducing neutron absorption. If neutron absorption in the rock were low 

enough, criticality might continue even through all water was expelled. 
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Parametric calculations were performed to determine the primary 

factors influencing criticality of low concentrations of Pu in dry rock. 

The critical mass, Mc' of homogeneous spheres of Pu dispersed in and re

flected by an optimized rock consisting of 80 wt% Si02 and 20 wt% A1 203 

was calculated over the concentration range from 1 to 100 g Pu/t (0.001 

to 0.1 g Pu/cm3). Graphs of Mc versus concentration are presented in the 

body of the report. (Although most of these graphs show a local minimum 

of Mc in the concentration range studied, it is not a true minimum critical 

mass (MCM). The MCM occurs for theoretical density oxide, devoid of rock 

material, and is not of interest here). Starting from an unrealistic 

worst case of pure 239 pu in rock of theoretical density (2.9 g/cm3) the 

effects of rock density, impurities in the rock, inclusion of 240pu , and 

incomplete removal of uranium were investigated. 

Over the range of concentration studied, incomplete separation of U 

was found to be the factor most effective in increasing Mc' with criticality 

not possible for 238U/239 pu = 9 (compared to the typical ~l% Pu content of 

spent fuel). Values of Mc calculated for lower 238U/239 pu ratios are plotted 

in the body of the report. Additional increases in Mc values would result 

from the presence of 240 pu , impurities, or voids necessary for water percol

ation required to transport the Pu into the rock . 

Similar to its effects on the MCM previously discussed, the decay of 

240p . . f' t 1 d th .. . t . 1 P t t' M 1 u slgnl lcan y re u~es e mlnlmum crl lca u concen ra lon. c va ues 

calculated for Pu having 240 pu contents of 3, 10 and 25 wt% are plotted in 

the body of the report. For 239 pu containing 25% 240pu (typical for spent 

fuel) the calculational model employed indicates that criticality is not 

vii 



possible in dry rock at concentrations below about 35 9 Pu/t. However, 

240pu decays to 236U with Tl/2 = 6540 yr. For 239 pu containing 25% 236U 

the minimum critical concentration in dry rock is reducej to 2 g (Pu + U)/t. 

Thus, if sufficient Pu were to be accumulated at an app~)priate concentra

tion (between 2 and 35 g Pu/t) without achieving criticality, the decay of 

240pu could result in the initiation of criticality which might not be 

terminated by the expulsion of water. 

The effects of variations in rock density and composition have also 

been determined. Values of Mc and koo are plotted in the report for rock 

containing 30% void, for rock containing 4% Fe203 (a moderate neutron 

absorber) and for rock containing a trace of water (H/Pu = 1). These 

effects, whi 1 e s i gni fi cant, were found to be sma 11 er than the effects of 

the presence of 240pu or 238U. 

The effects of neutron reflection by materials outside the dry rock-Pu 

region were also studied. It was found that the smallest. ~1c values cal

culated (over the 1 to 100 g Pu/t concentration range) with thick water or 

with dry rock reflectors were similar. The Pu concentration at which the 

minimum Mc value occurred was greater with a water reflector, however. 

"Full reflection ll of neutrons was achieved with 80 cm of dry rock reflector. 

(Increasing reflector thickness beyond 80 cm changed calculated Mc values 

only slightly). 

The calculations of Pu-dry rock critical conditions showed that the 

mininlum concentration of pure 239pu homogeneously mixed with dry rock which 

could attain criticality would be about 1 9 Pu/t. (The corresponding limit 
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for Pu-water mixtures is 7 g Pu/t). Solubility and sorption data were then 

reviewed to determine whether the accumulation of large deposits of separated 

Pu having a concentration exceeding 1 g Pu/t could be precluded. 

The solubilities of U and Pu were calculated for groundwaters character

istic of basalt, tuff, granite, dome salt and bedded salt. These solubilities 

were calculated for both oxidizing and reducing conditions and at normal and 

elevated temperatures. These solubilities were examined to determine the 

potential for selective Pu precipitation during groundwater flow between 

regions of differing temperatures or differing redox conditions. The poten

tial for precipitation exists if solubility decreases at such a flow transition. 

(It should be noted, however, that for precipitation to actually occur requires 

also that the concentration of dissolved species in the incoming flow exceed 

the solubility of those species in the region entered by the flow. This study 

addrssed only potential solubility differences). 

Higher solubilities were found for both U and Pu for non-salt ground

waters under oxidizing conditions than under reducing conditions. Conse

quently precipitation would be possible (if concentrations were high enough) 

for both U and Pu upon flow transitions from oxidizing to reducing conditions. 

However, on such transitions the solubil ities of both U and Pu are greatly 

reduced, and both would be expected to precipitate. Thus deposits of 

separated Pu would not be expected to occur for such flow transitions. 

The greatest Pu solubilities were found for salt groundwaters under 

high temperature reducing conditions. Either cooling, or flow transition 

to oxidizing conditions, could yield Pu precipitation not accompanied by U 
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precipitation. Due to the neutron absorption characteri!itics of salt, 

however, the criticality significance of selective precipitation of Pu 

would be greatly reduced as long as the groundwater rema"ined saline. 

Although selective precipitation cannot be ruled out, if it occured the 

criticality potential of such precipitation would be min"imized by neutron 

absorption in saline groundwater. In addition, site specific factors may 

exist which further reduce the likelihood or significancE! of such precipi

tation. Geologic studies may eliminate the possibility of favorable flow 

transitions. Or, it may be shown that sorption holdup depresses Pu con

centration in groundwater so far below solubility limits that precipitation 

at flow transitions cannot occur. Such studies, however', must await the 

site selection process. 

The mechanism of sorption was also investigated to determine whether 

it could result in accumulations of Pu which might be of criticality concern. 

In general, for Pu adsorbed on geologic media in equilibr'ium with Pu dis

solved in groundwater, the concentration of the adsorbed Pu is several 

hundred times greater than the concentration of the dissclved Pu. (The 

ratio of these concentrations is given by the distribuitcn coefficient Kd). 

Therefore, maximum adsorbed concentrations of U and Pu which could 

exist in equilibrium with saturated groundwater have been calculated. 

Adsorbed Pu concentrations calculated using best estimate values of Kd do 

not exceed 1 g Pu/~, the minimum critical concentration of Pu in neutroni

cally optimal rock material. When the largest published values of Kd are 

used, the maximum concentration calculated for the adsorbed Pu does not 

exceed 6 g Pu/~. Thus, if the best estimate Kd values are confirmed by 
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subsequent research, it will have been shown that concentrations of adsorbed 

Pu cannot occur which are high enough to result in criticality even if Pu 

concentrations in solution reach the solubility limit (maximum). If, however, 

adsorbed Pu concentrations exceeding 1 g PU/1 are shown to be possible, 

other factors may still exist to preclude the possibility of criticality. 

Site specific factors may prevent dissolved concentrations from reaching 

solubility limits. They may also constrain the size and shape of regions 

in which such adsorbed Pu concentrations could occur. Furthermore, uranium 

may be adsorbed along with the Pu. Consequently, it is considered to be 

highly unlikely that accumulations of Pu resulting from sorption processes 

will be of criticality significance. 
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T. INTRODUCTION 

The disposal of spent nuclear fuel in deep geologic repositories is 

being considered as a way to permanently isolate this radioactive material 

from the biosphere. The Office of Nuclear Waste Isolation (ONWI) operated 

by Battelle Memorial Institute for DOE is conducting broadly based studies 

of this concept. Repository design, media characteristics and site se1ec-

tion criteria are being investigated. Designs for canisters to contain 

spent fuel, emplacement sleeves and backfill are being evaluated. Basic 

studies are also addressing geophysical and geochemical processes which 

affect repository integrity and the transport of radionuc1ides. 

One of the safety questions addressed under the NWTS Program is the 

prevention of criticality caused by fissile materials in spent fuel. 

Nuclear criticality control is a well-established engineering discipline. 

Experience at nuclear facilities has shown that proper application of the 

tools and principles of this discipline will ensure that criticality is 

extremely unlikely even under postulated abnormal or accident conditions. 

Prior studies have concluded that spent fuel repositories can be designed 

to be safe from accidental criticality during operation and closure. 

~-

LThis study is directed toward criticality considerations during the 

post closure time period prior to decay of the fissile isotopes. Due 

to the long half-lives of the primary fissile species (239pu , 2.4 x 104 yr; 

235U, 7 x 108 yr) significant quantities of these materials remain present 

for very long times. During this period, controls relied upon to prevent 

criticality prior to repository closure may be violated, although the 



likelihood of such violation may be small. Controls used for operational 

safety may include: limits on the amount of fissile material placed in 

each disposal canister, the shape of the canisters, the spacing between 

canisters, the presence of intervening geologic material between canisters 

and the exclusion of water. Rearrangement of the wastes by geologic pro

cesses, among others, could violate these controls. 

In this study the conditions required for the criticality of spent 

fuel constituents are determined. Many factors affect c1"'iti cal ity, and 

the effects of various possible post-closure changes are investigated. 

Factors having the greatest effect on criticality are identified to pro

vide guidance for research programs and for design and evaluation studies. 

Section II. describes the calculational methods and computer codes 

used to determine critical conditions. Cross section lihraries and multi

group averaging procedures used are described. 

Secti on III of thi s document addresses effects of thE~ fi ss i 1 e content 

of spent fuel on criticality. Calculations have been performed to determine 

the minimum critical mass of spent fuel actinides as a function of the 

duration of in-reactor fuel exposure for a variety of p05,sible conditions. 

Several single parameter variations have been investigate:d. These include 

the effects of: initial enrichment of the fuel, radioactive decay after 

irradiation, assumptions about the presence or absence of actinides or 

fission products, assumptions of fuel forms, and the admixture of rock 

and salt into spent fuel materials. 
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Section IV addresses the conditions required for criticality under a 

scenario believed to be highly unlikely but having a unique possibility. 

If plutonium should somehow be selectively accumulated in a geologic setting 

criticality could result. If the quantity of Pu accumulated were to be 

sufficiently large and pure, and if the neutron absorbing properties of 

the geologic medium were low enough, it is possible that the resulting 

I,criticality might not be terminated by the expulsion of water. Pu quantities 

and concentrations required for criticality without water were determined 

for various conditionS' of Pu separation, rock moderation and reflection, 

rock impurities and isotopic content of the Pu. This section also provides 

a discussion of factors which could contribute to the occurence of such a 

criticality. 

Section V addresses the possibil.ity of geochemical processes separating 

Pu from other spent fuel constituents. Solubilities of U and Pu are cal

culated for groundwaters characteristic of basalt, tuff, granite, bedded 

and dome salt. Maximum concentrations which could be adsorbed on geologic 

media in contact with these groundwaters are then calculated. Comparison 

of these maximum adsorbed concentrations with the results presented in 

Section N yields the conclusion that criticality cannot occur in sorbed 

deposits of Pu in geologic media due to the low Pu concentrations achiev

able. The possibility of selective Pu precipitation, however, is not 

ruled out by these arguments. 
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II. CALCULATIONAL METHODS 

Critical mass calculations utilized the AMPX1 systern of codes. Cross 

sections were processed using the MALOCS and NITAWL modu'les. 1 The XSDRNPM 

module' was used for critical radius searches and for mu'!tigroup cross 

section averaging. The isotopic effects of in-reactor fuel exposure and 

of radioactive decay were calculated using the ORIGEN2 code. The reactivity 

worth of spent fuel fission products was evaluated using the LEOPARD code3 

because fission product cross sections were not included in the cross 

library used with the AMPX codes. 

Critical Mass Calculations 

Critical radius searches were performed using the one dimensional 

neutron transport code XSDRNPM which is a module of the )\MPX package. l 

This discrete ordinates code was used with cross section!; in the P,-S4 

approximation. Spherical geometry with a reflector region (as described 

in the Sections III and IV) was assumed. 

The cross xection 1ibray selected for use in this calculational 

survey had been generated from ENDF/B-IV data4 by ORNL. 5 This library 

contains neutron cross sections in 218 energy-group format, plus resonance 

parameter data for resolved resonances. Reasons for choosing this library 

included the availability of cross sections for the actinide isotopes of 

Np, Am and Cm, plus the extensive effort which has been elevoted to developing 

and testing this library for criticality safety analysis purposes. 6,7,8 
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To reduce the computer time required to prepare cross section sets for 

specific mixtures a 27-group library was prepared by multigroup averaging 

the 218 group cross sections. This was done with the r~LOCS module of the 

AMPX package using recommended spectra whose parameters were supplied with 

the 218 group library. The energy group structure of the 27-group library 

is given in Table I. This group structure has been found to be adequate 

for criticality safety analyses over a wide range of neutron spectrum 

conditions. 9 

For each specific mixture studied a few-group cross section set was 

prepared by multigroup averaging cross sections from the 27-group library. 

First the NITAWL module of the AMPX package was used to calculate resonance 

self shielding appropriate to the materials and concentrations of the mix

ture. This calculation utilized the Nordheim Integral Treatment. The 

XSDRNPM module was then used to compute the 27-group flux spectrum for that 

mixture, and the cross sections were averaged over this flux into five-group 

sets. This calculation also yielded values of k for each mixture. 
00 

Critical radius searches by the XSDRNPM code used the five-group cross 

section sets. The energy-group structure is shown in Table II. A single 

thermal group was used to speed convergence of the search routine. The 

upper energy boundary of this thermal group was set at 3.05 eV, the lowest 

energy for which our version of NITAWL calculated resonance self shielding. 

The choice of five-group cross section sets for critical radius 

searching was based on a trade-off between computing expense and accuracy. 

A study, described below, was performed using a typical case of interest: 
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TABLE 1. Energy-Group Structure for the 27-Group Cross Section Library 

Grou~ No. U~~er Boundar~ Grou~ No. U~~er Boundar~ 

1 20 MeV 15 3.05 eV 
2 6.434 16 L77 

3 3 17 1.3 
4 1.85 18 1.13 
5 1.4 19 1 

6 900 KeV 20 0.8 
7 400 21 004 

8 100 22 0.325 
9 17 23 0.225 

10 3 24 o. 1 

11 550 eV 25 0.05 
12 100 26 0.03 
13 30 27 0.01 
14 10 0.00001 
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TABLE II. Energy-Group Structure for Five-Group Cross Section Sets 

Group No. 

1 

2 

3 

4 

5 

7 

Upper Boundary 

20 MeV 

1.85 MeV 

100 KeV 

550 eV 

3.05 eV 



PWR fuel initially enriched to 3.5%, exposed to 30,000 MHD/MTM. and decayed 

for 10,000 years. A homogeneous spherical mixture of aC1:inide oxides and 

water having a water to fuel ratio of three was assumed, surrounded by a 

thick water reflector. 

Calculations were performed using a Univac 1100/44 computer. Calcul

ation of keff for a single fixed radius using the 27-groLip library required 

eight minutes for full convergence. Convergence to a 1e~,ser accuracy re

quired for critical radius searches required more than four minutes. A 

critical radius search, requiring converged keff calculations at many radii, 

with radius extrapolations and final calcua1tion of k f = 1.000 was not 
ef 

performed for this 27-group library due to the large amoLnt of computer time 

which would have been required. The keff value obtained in the fixed radius 

calculation was used, however, in evaluating the accuracy of calculations 

using cross sections having fewer energy groups. 

The 27-group library contains 14 epithermal energy groups and 13 

thermal groups. Convergence of iterative search calculations ;s parti-

cu1ar1y sensitive to the number of thermal groups because neutron upscatter 

in energy is possible between thermal groups (but not between epithermal 

groups). A single energy group was used in ca1cu1ationsl used to select 

epithermal group structure. 
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For the fuel-water mixture described above, mu1tigroup cross section 

sets were prepared having a single thermal group with 14, 6, 4 and 2 

epithermal energy groups. Critical radius searches were performed using 

these cross sections sets. Table III presents the computation time required 

for the search calculations. Table III also lists values of keff calculated 

for the initial radius estimate for the critical searches and for the full 

27-group calculation. 

Averaging the 13 thermal cross section groups into one group greatly 

speeds up the calculations. Table III shows that thermal group averaging 

increases calculated keff values by about 0.5%. Averaging the 14 epithermal 

groups into four groups further reduces calculation time by a factor of two, 

and increases calculated keff values by an additional 0.4%. This effect is 

comparable in magnitude to that resulting from averaging the thermal groups., 

and significantly speeds up calculations. Similar accuracy is achieved for 

calculations with six epithermal groups, but an additional 0.8% increase in 

keff results from calculations with two epithermal groups. Consequently we 

chose to use four epithermal cross section groups for our calculational 

survey. 

We recognized that neutron absorption in the 1.06 eV resonance of 240pu 

would be a significant factor in calculations for spent fuel, since spent 

fuel Pu can contain.as much as 25% 240 pu . We considered using two thermal 

groups separated at an energy below the 240pu resonance. However, a critical 

search calculation using four epithermal groups with two thermal groups was 

unconverged after running for 2.3 minutues, 2.5 times the calculation time 

required when using a single thermal group. We therefore chose to use a 
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TABLE III. Computing Time Required for Critical Radius Searches 
as a Functi on of the Number of Epitherma 1 C r)ss Secti on 
Groups Used. Also keff Values Calculated for Initial 
Radius Estimate 

Number of Epithermal 14 6 4 ,) ,. , 14 
Cross Section Groups (single thermal energy group) ( 13 thermal groups) I 

I 

Critical Search 1.8 1.1 0.9 0.7 I > 4 mi n. per si ngl e 
Time (min.) I radius 

I 
keff Calculated for 0.9847 0.9883 0.9887 0.9973 I 0.9798 
Initial Radius Estimate I 

i 
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single thermal cross section group with four epithermal groups having the 

energy boundaries listed in Table II. In Section V under the subheading 

Accuracy of the Calculations a discussion of the effects of different 

treatments of the 240pu neutron capture resonance is presented. 

Exposure Effect Calculations 

Changes in the isotopic content of spent fuel caused by LWR irradiation 

were calculated using the ORIGEN code. 2 This zero-dimensional code uses a 

three energy-group cross section library prepared by multi group averaging 

over a typical LWR flux spectrum. The library also contains radioactive 

decay information. Calculations determine the temporal effects of fissions, 

transmutations and radioactive decay during and after in-reactor exposure. 

Calculations were carried out for both BWR and PWR lattices at various en-

richments. Continuous exposure at a constant power density of 32.5 KW/kg 

of fuel oxide was assumed. 

Fission Product Effect Calculations 

The cross section library used with the AMPX package does not contain 

cross sections for fission products. Futhermore, because there are many 

fission product isotopes and radioactive decay daughters, incorporating 

these cross sections into the critical search calculations would be time 

consuming and costly. Consequently, a different method was used to deter

mine the effects of fission products. 
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In-reactor fuel exposure effects were calculated us;ng the CINDER code 

which has not been documented in the literature. CINDER calculates the 

temporal effects of fissions, transmutations and radioactive decay on fuel 

isotopics. Fission product isotopic abundance and cross sections are com

bined as a function of time, yielding a time dependent mclcroscopic cross 

section which represents the aggregate effect of the fission products. 

The effects of fission products on neutron multiplic:ation were cal

culated using the LEOPARD3 code, which was designed for the neutronic 

analysis of PWR's. LEOPARD was written to accept fission product cross 

sections in the format produced by CINDER, which is why it was chosen for 

this part of the analysis. The reactivity worth of the fission products 

was determined from the difference in koo values calculated with and without 

fission products. 
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III. EFFECT OF FISSILE CONTENT ON SPENT FUEL CRITICALITY 

Of the many factors which affect criticality, fissile content is 

of fundamental importance. For instance, no amount of natural uranium 

homogeneously mixed with water can be made critical because of the low 

fissile content (0.72 wt% 235U). In addition, no natural processes act 

to increase the concentration of fissile 235U relative to that of non

fissile 238U. 

Uranium fuel for LWR's is enriched in its fissile component 235U. 

Enrichments of roughly 2.5% and 3.5% are used in present fuels for BWR's 

and PWR's respectively, and extended-life PWR fuels initially enriched 

to 4.5% have been proposed. Upon discharge from a reactor the net fis

sile content of spent fuel has been reduced by the fission process despite 

production of fissile 239pu . In addition, neutron absorption within the 

fuel is increased by the presence of fission products and actinide iso

topes. Nevertheless, the k~ of spent fuel generally exceeds unity, so 

that criticality must be considered. 

Many factors act to preclude the criticality of spent fuel during 

respository operation and after closure. Of particular importance are 

the amount of fissile material allowed per disposal canister, the ex-

clusion of water from the fuel by each canister, the shape of the can-

isters, the spacing between canisters, and the presence of intervening 

geologic material between canisters. 
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After repository closure, however, geologic processes may violate 
239 4 these conditions before decay of the Pu (T1/ 2 = 2.4 x 10 years) and 

the 235U (T = 108 years). The absence of water, the integrity of fuel 1/2 
rods or canister, or the geometry of disposal cannot be guaranteed. Con-

sequently, calculations reported in this section ignore the benefits of 

water and shape control. They assume optimum (from the standpoint of 

achieving criticality) conditions of water moderation and spherical geo-

metry. This is conservative from the standpoint of safety. 

The fissile content of spent fuel consigned to disposal in a geo

logic repository depends upon the initial enrichment of the fuel and 

the duration of in-reactor exposure achieved prior to discharge. It 

is desirable to consume as much of the initial fissile content as pos

sible, and a "design burnup" target is generally specifiej for LWR fuels. 

However, fuel may be discharged prior to achieving design burnup for 

various reasons. Cladding failure, fuel damage in transient conditions, 

and reactor shutdown for reasons other than refuelling (w1ich may en

courage early fuel changes to el iminate an additional expl~nsive refue11 ing 

shutdown) are some reasons why design exposure may not be achieved. 

Consequently calculations have been performed to determinl~ how the residual 

fissile content affects the critical parameters of spent Fuel constituents. 

In a report previously published by this project lO considerable 

discussion was presented on the licensing of commercial facilities and 

the fact that there has never been a commericial spent fuel storage basin 

licensed under the assumption that the nuclear reactivity of spent fuel 

was reduced from that of fresh fuel. Although it is commonly assumed 
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that criticality safety analyses for a spent fuel repository will be 

based on the reduced fissile content of spent fuel, there is no licensing 

precedent for such action. Consequently we have investigated the effects 

of exposure and initial enrichment on the criticality of spent fuel materials. 

In this section we present calculated values of the minimum critical 

mass (MCM) of spent fuel oxides moderated by water. We have performed a 

parametric survey starting with a base case and calculating MCM as a 

function of exposure. We then explored a series of cases differing from 

the base case by a single factor. This allows separation of the effects 

of the various assumptions which may be made in safety analysis calculations. 

Base Case 

The base case which we chose for our first analysis, and as the starting 

point for our parametric variations, is a homogeneous, spherical mixture of 

actinide oxides and water, fully water reflected. The actinides included 

were those of primary importance in spent fuel, namely isotopes of U, Pu, 

Np, Am and Cm. 

This base case is a "middle-of-the-road" choice from the conservatism 

standpoint. Homogeneous mixtures of fuel and moderator are less neutroni

cally reactive than heterogeneous mixtures (such as fuel rods or pellets 

in water). On the other hand fission products are ignored, which increases 

calculated neutronic reactivity. Thus these are offsetting effects. Both 

of these approximations simplify the analysis and reduce the required com

puter time and expense, which is appropriate for an initial survey study 

of this type. (MCM calculations for lattices require searching for not 
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only the optimum water to fuel ratio but for the optimum rod size. 

Including fission products would require additional cross-section pro

cessing for each mixture studied). A reasonable argument for making 

both of these simplifying assumptions simultaneously is that fission 

product leaching may not occur extensively without disintegration of 

the fuel. As this effect is not proven, however, we justify these 

assumptions solely on the basis of economics appropriate to a survey 

analysis. Effects of rodded fuel and of fission product inclusion are 

determined as parametric variations, however. 

The base case includes isotopes of the neutron absorbers Np and 

Am, and of fissile em. The net effect of these materials is to reduce 

neutronic reactivity below that of a case considering onl,Y U and Pu. 

Thus the base case is non-conservative from the worst-cas~ standpoint. 

However, due to chemical similarities and low solubilities of the ac

tinide elements, it is more reasonable to consider them t')gether than 

to assume that fission products are retained as well. In any case, 

this dloice of base case allows consideration of a "U-Pu onlJ" case as a 

single parametric variation. It also allows consideratio''l of the ef

fects of radioactive decay of the actinides as a single parametric vari

ation. It is not meant to pre-judge what might be the mo:;t appropriate 

basis for a safety analysis report. 

Finally we note that the base case does contain considerable con

servatism beyond the assumptions of optimal geometry and moderation. 

Neutron absorption by fuel cladding and canister material::; ;s ignored. 
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In addition, the effects of admixtures of geologic materials with the 

fuel-water mixture are ignored (they are treated in single parameter 

variation calculations, where they are shown to greatly increase cal

culated values of MCM). 

The assumption of neutron reflection by water is moderately conser

vative to neutral in effect, in addition to being a rather standard as

sumption. In Section IVof this document (Figure 21) it is shown that 

the assumption of a large thickness of dry, non-neutron-absorbing rock 

yields critical mass values comparable to those with water reflection, 

for well therma1ized systems. The presence of neutron absorbers in 

geologic neutron reflecting media would reduce calculated neutronic 

reactivity somewhat. Probably the best argument for assuming a water 

reflector, however, is that it is a common assumption, and thus facili

tates comparison between our results and other studies which may follow. 

The initial enrichment chosen for the base case was 3.5 wt% 235U. 

This is slightly higher than the usual enrichment of PWR fuel. Since 

BWR fuels use lower enrichment this choice is conservative for present 

LWR fuel. 

The ORIGEN code2 was used to calculate the amounts of the various 

actinides present in the fuel at exposures ranging from zero to 35,000 

megawatt days per metric ton of uranium metal present in the initial 

fuel oxide (MWD/MTM). The calculations assume continuous fuel exposure 

at a constant power density of 32.5 kW/kg of oxide. ORIGEN was also 

used to calculate the isotopic effects of radioactive decay after discharge. 
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The base case was assumed to have decayed ten years after' discharge, to 

minimize loss of fissile 24lpu which decays with a half life of 14.5 years. 

Although this was intended to be conservative, later variation of this 

parameter showed that this was not the worst case because~ decay of the 

neutron absorbing isotopes 241 Am , 237 NP and 240pu overcompensates for loss 

of the 241pu after several thousand years. 

The actinide isotopes of primary importance for the base case are 

listed in Table IV as function of exposure. Quantities listed are per 

PWR fuel assembly, each of which contains initially almost half a metric 

ton of uranium as oxide. All of these isotopes except 243Am were included 

in subsequent NITAWL-XSDRNPM calculations. 243Am was excluded because we 

lacked cross sections for it. Due to the small amounts of 243Am present 

in spent fuel, ignoring this isotope should have little effect. Since 

243Am is a neutron absorber this is a conservative assumption. 

The actinide isotopics listed in Table IV were used as input to NITAWL

XSDRNPM calculations for each exposure value listed. Following multigroup 

averaging of cross sections into 5 group sets, critical radius searches 

were performed to determine critical mass (Mc) values for concentrations 

yielding low Mc's. Values of MCM were determined from plots of Mc vs con

centration. Values of koo calculated in computer runs which collapsed the 

cross section sets were plotted against concentration and koo values for the 

same concentrations as for the MCM values were read from the graphs. 

Figure 1 presents actinide MCM values (not oxide masses) for the base 

case as a function of exposure (1 GW = 1000 MW). Figure 2 presents koo values 
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TABLE IV. Primary Actini de Isotopes as a 
Function of Exposure in Base Case+ Fuel 

Actinide guantitl Eer fuel assemb1l {9l 
Exposure 

Isotope (MWD/MTM) 0 10,000 20,000 30,000 35,000 

U-234 0 1 2 6 8 
U-235 16,400 11 ,400 7,760 5,030 3,970 
U-236 0 992 1,670 2,110 2,250 
U-238 451 ,000 448,000 445,000 441 ,000 439,000 

Np-237 o 40 115 209 257 

Pu-238 0 4 20 58 85 
Pu-239 0 1 ,690 2,310 2,510 2,550 
Pu-240 0 243 620 915 1,020 
Pu-241 0 29 131 258 313 
Pu-242 0 3 34 112 167 

Am-241 0 17 81 160 196 
Am-243 0 ° 5 26 46 

Cm-244 o o 1 5 10 

TOTAL 467,000 462,000 457,000 452,000 450,000 

235 
+ PWR oxide fuel initially enriched to 3.5 wt% U. Constant power density 

exposure at 32.5 KWjkg of oxide. Decayed for 10 years after discharge. 
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Figure 2. Values of koo for Base Case Fuel Calculated for the Same Concentrations 
as the MCM Values Shown in Figure 1. 
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for the same concentrati ons as for the MCM values. Pl ot~, of Mc and koo vs 

concentration for individual exposures are presented in tlppendix A. As 

may be seen from the graphs in Appendi x A, the maximum veil ue of kco does 

not generally occur for the same concentration that the ~~M does. (This 

is because at the maximum the koo curve has zero slope. F~educing the con

centration slightly changes koo little, but may significartly reduce the 

critical mass). For this reason the curve of kco vs exposure shown in 

Figure 2 is lower than a curve of maximum kco values vs exposure. Such a 

curve, however, was not calculated for this project. 

PWR fuel is designed to achieve an exposure of about 33,000 MWD/MTM. 

Examination of Figure 1 shows that for most of this exposure the MCM is 

less than the uranium mass contained in a single fuel assembly. In fact, 

the MCM is less than 50% of the uranium mass per assembly for almost two 

thirds of the fuel 's design lifetime. Failure of fuel tc reach design ex

posure thus strongly affects the criticality potential of this material. 

It ;s clear that variations of fuel exposure achieved by fuels must be 

carefully considered in assessments of the criticality safety of geologic 

disposal concepts. It appears likely that acceptance criteria must be set 

for fuels to be disposed of as intact fuel assemblies. Furthermore, be

cause of the strong dependance of MCM on exposure it is possible that 

measurement systems may have to be developed, demonstrated and oeprated 

at repositories to verify that spent fuel received for disposal has indeed 

achieved the exposures which are given for it. 
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Initial Enrichment Effects 

The design exposure at which fuel is discharged from LWR's is varied 

by changing the initial enrichment of the uranium fuel. BWR fuels use en

richments somewhat higher than 2%, with a design exposure target of about 

20,000 MWD/MTM. Extended burnup PWR fuel has been proposed having enrich

ment exceeding 4% and a design exposure exceeding 40,000 MWD/MTM. Conse-

quently, our initial variation from the base case was in enrichment. Two 

cases were investigated: BWR fuel initially enriched to 2.5% and PWR fuel 

initially enriched to 4.5% in 235U. Calculations were performed using the 

ORIGEN code to determine amounts of the actinide isotopes present as a 

function of exposure. As for the base case, exposure was assumed to be 

continuous at 32.5 kW/kg of oxide. 

The primary actinide isotopes for these cases are listed as a function 

of exposure in Tables V and VI. These values were input to NITAWL-XSDRNPM 

calculations as for the base case. MCM values and koo values were read from 

plots of Mc and koo vs concentration which are presented in Appendix A. MCM 

values and corresponding koo values for these cases and the base case are 

presented as a function of exposure in Figure 3 and 4. 

The curves are all seen to have similar shapes over the design lifetime 

of the fuel. In all cases the MCM does not become large until a significant 

fraction of the design exposure has been achieved. In addition, koo remains 

well above unity in all cases for exposures corresponding to the design 

lifetime of the fuel. The importance of considering variations of achieved 

fuel exposure from design limits in criticality safety assessments is thus 

seen to be quite general. 
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Isotope 

U-234 
U-235 
U-236 
U-238 

Np-237 

Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Am-241 
Am-243 

Cm-244 

TABLE V. Primary Actinide Isotopes as a Function of Exposure 

in BWR Oxide Fuel Initially Enriched to :~.5 wt% 235U 

and Decayed for Ten Years After Di schargl~ 

Actinide Quantit~ Per Fuel A)sembl~ {g} 
Exposure 
{MWD/MTM) 0 10,000 15,000 20,000 

0 ° 1 1 
5,670 3,500 2,720 2,070 

0 412 552 658 

25,000 

2 
1,550 

735 
221,000 220,000 219,000 :n8,000 217,000 

0 19 34 51 69 

0 2 5 10 18 
0 784 909 968 994 
0 161 270 366 442 
0 20 47 78 108 
0 3 13 31 57 

0 12 28 48 66 
0 ° 1 5 11 

0 ° 0 1 2 

TOTAL 227,000 224,000 223,000 ;~22 ,000 221,000 
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TABLE VI. Primary Actinide Isotopes as a Function of Exposure 

in PWR Oxide Fuel Initially Enriched to 4.5 wt% 235U 

and Decayed for Ten Years After Discharge 

Exposure 
Actinide Quantit~ Per Fuel Assembly (9) 

Isotope (MWD/MTM) ° 20,000 30,000 40,000· 45,000 

U-234 0 2 5 9 12 
U-235 21,000 11 ,400 7,950 5,240 4,160 
U-236 ° 1,890 2,490 2,870 2,990 
U-238 446,000 441,000 438,000 435,000 433,000 

Np-237 0 105 202 312 367 

Pu-238 0 15 46 100 136 
Pu-239 0 2. 140 2,420 2,520 2,540 
Pu-240 0 490 785 998 1,070 
Pu-241 0 89 198 304 347 
Pu-242 0 19 70 159 214 

Am-241 0 55 123 191 218 
Am-243 ° 2 13 43 67 

Cm-244 0 ° 2 9 18 

TOTAL 467,000 457,000 452,000 447,000 445,000 
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Figure 3. Minimum Critical Mass as a Function of Exposure for 
2.5% Enriched BWR Fuel and 4.5% Enriched PWR Fuel 
Decayed for Ten Years After Discharge 
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Figure 4. Values of koo for 2.5% Enriched BWR Fuel and 4.5% Enriched PWR Fuel for the Same 

Concentrations as the MCM Values Shown in Figure 3 
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Radioactive Decay Effects 

Radioactive decay changes the isotopic content of spent fuel after it 

is discharged from a reactor. The neutronic reactivity of the fuel is 

reduced by decay of the fissile isotopes. Neutronic reactivity may also 

be increased by decay of neutron absorbing isotopes, if the decay products 

are weaker neutron absorbers. Half lives for decay of the primary actinide 

isotopes in spent fuel are listed in Table VII. 

Actinide isotopics were calculated as a function of decay time for base 

case fuel exposed to 30,000 MWD/MTM. They are calculated using the ORIGEN 

code for decay times up to 100,000 years. By this time the fissile isotopes 

241pu and 244Cm have decayed completely, and most of the fissile 239 pu has 

decayed to 235U. The results are presented in Table VII] and Figure 5. The 

major effects may be seen in Figure 5, where the decay of 24lpu results in 

an increase of 241 Am . This is followed by the decay of ~41Am and an increse 

of 237 NP . Next, 240pu decays, increasing the 236U contert. And finally, 

239 pu decays increasing the 235u content. 

The effects of these decays are shown in Figure 6, ~here MCM values 

calculated for these isotopics are presented. The MCM increases rapidly 

during the first century due to the decay of fissile 24lpu to 241 Am . The 

t~CM then decreases as 241 Am decays to the weaker neutron absorber 237 Np. 

This MCM decrease is then continued by decay of 240 pu into the weaker 

neutron absorber 236u. Finally, at about 3 x 104 years the MCM reaches 

, , d t t ' , d t d f f' '1 239p t 235U a m1n1mum an star s a 1ncrease aga1n ue a ecay a 1SSl e u a 

(which is also fissile, although a greater quantity is required for criticality). 
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TABLE VII. Half Lives of Primary Actinide Isotopes in Spent Fuel 

Isotope 

234U 

235U 

236U 

238U 

237NP 

238pu 

239pu 

240pu 

241pu 

242pu 

241 Am 

243Am 

244Cm 

29 

T 1/2 
(Years) 

2.4 x 105 

7.0 x 108 

2.3 x 107 

4.5 x 109 

2.1 x 106 

88 

2.4 x 104 

6.5 x 103 

15 

3.9 x 105 

4.3 x 102 

7.4 x 103 
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Isoto~e 

U-233 
U-234 
U-235 
U-236 
U-238 

w 
0 Np-237 

Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Am-241 
I\~ I)JI'l 
nill-L..""t"" 

Cm-244 

TOTAL 

TABLE VIII. Primary Actinide Isotopes as a Function of Decay Time 

in Base Case Fuel Exposed to 30,000 MWD/MTM 

Decay Time 
Actinide Quantit~ ~er Fuel Assembl~ {g} 

(Years) 10 100 1 ,000 10,000 30,000 

° 0 0 2 5 
6 34 63 62 60 

5,030 5,040 5,100 5,640 6,460 
2,110 2,120 2,190 2,690 2,970 

441,000 441,000 441 ,000 441 ,000 441,000 

209 256 534 619 615 

58 29 0 0 ° 2,510 2,510 2,450 1,910 1,090 
915 911 831 330 43 
258 4 ° 0 0 
112 112 112 110 106 

160 366 88 0 0 
nr 25 23 iO 2 '"0 

5 0 0 0 ° 
452,000 452,000 452,000 452,000 452,000 

100,000 

16 
53 

7,380 
3,000 

441,000 

601 

0 
149 

° ° 1 

° U 

0 

452,000 
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Figure 5. Primary Actinide Isotope Quantities as a Function of Decay Time in Base Case Fue1 

Exposed to 30,000 MWD/MTM 
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Figure 6. Minimum Critical Mass as a Function of Decay Time for Base Case Fuel Exposed 
to 30,000 MWD/MTM 
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Figure 7. Values of ~ for Base Case Fuel Exposed to 30,000 MWD/MTM for the same 
Concentrations as the MCM Values Shown in Figure 6 
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Values of kro at concentrations for which the MCM occurs are plotted 

in Figure 7. Curves of Mc and koo vs concentration for various decay times 

are presented in Appendix A. The sensitivity of the MCM to small reductions 

in kro when kro is near unity is seen when Figures 6 and 7 are compared. 

In Figure 6 it is seen that the effects of reduced reutron absorption 

exceed those of fissile material loss due to decay for decay times between 

5,000 and 90,000 years. The smallest value of ~lCM occurs at 30,000 years, 

and is just 72% of the ten year decay value. This effect should be taken 

into account in any more detailed study of the criticality potential of 

spent fuel in geologic repositories. 

Effects of Actinides other than U and Pu 

The net effect of including Np, Am and Cm in calculations is to reduce 

the neutronic reactivity of the system calculated below that which would be 

found if only U and Pu were included. MCM values calcul.ated for base case 

fuel with only U and Pu isotopes included are presented in Figure 8. They 

are seen to be smaller than the MCM values calculated for the base case, 

which are also plotted. The difference between these MCM curves increases 

with exposure (and thus actinide content), and becomes quite significant 

as design exposure is approached. 

Values of kro calculated including only U and Pu isotJpes are shown in 

Figure 9 for concentrations at which the MCM occurs. Curves of MCM and kro 

vs concentration for various exposures are presented in AJpendix A. The 

separati on between the koo cur'/es for thi s case and for thl~ base case increase 

with exposure, reaching about 3% at an exposure of 30,000 MWD/MTM. 
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Figure 8. Minimum Critical Mass as a Function of Exposure for 
just the U and Pu Contents of Base Case Fuel 
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Figure 9. Values of koo for just the U and Pu Contents of Base Case Fuel for the same 
Concentrations as the MCM Values Shown in Figure 8 
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Examination of Figure 7 shows that for base case fuel exposed to 30,000 

MWD/MTM changes of km caused by 24lpu and 240pu decay exceed 3%. The 

effect of including Np, Am and Cm in the calculations is thus seen to 

be smaller than the effects of radioactive decay changes in Pu isotopics. 

Rock Admixture Effects 

Adding geologic materials to the homogeneous actinide-water mixture 

reduces its neutronic reactivity below that of the base case. For our 

calculations we assumed a rock consisting of 80 wt% Si02 and 20 wt% A1 203, 

having a density of 2.91 g/cm3. These materials are the primary consti

tuents of granite and basalt, (with Si02 predominating). This is the same 

rock composition assumed for calculations of Pu-rock criticality without 

water which are discussed in Section IVof this document. This rock material 

lacks significant neutron absorbing constituents, and has a lower thermal 

neutron capture cross section than water. 

Our calculations assumed that the mixture of spent fuel oxides and 

water was homogeneously mixed with rock material which occupted 60% of 

the mixture. This composition was chosen arbitrarily, representing sand 

or highly fractured rock allowing a very high content of water and fissile 

material. 

Figure 10 presents MCM values calculated for base case fuel homogeneously 

mixed with rock and water. They are seen to be considerably higher than values 

for the base case, which are also plotted to allow comparison. Ignoring 

geologic media in criticality analyses thus introduces considerable conservatism 
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Figure 10. Minimum Critical Mass as a Function of Exposure for Base 
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into the results. Conversely, if geologic media can be shown to be neces

sarily mixed in, MCM values are significantly increased. This provides an 

incentive in repository and canister design for minimizing void space in 

which a fuel-water mixture could accumulate. 

Figure 11 presents calculated values of k~ for concentrations at which 

MCM values occur. Curves of MCM and k~ vs concentration for various exposures 

are presented in Appendix A. Values of ~ are seen to be considerably smaller 

for this case at all exposures than for the base case. This is due primarily 

to neutron absorption in the rock. Because neutron moderation by the rock is 

relatively ineffective compared to moderation by water, the water-to-fuel ratio 

at the MCM is only 22% lower for the Pu-rock-water case than for the Pu-water 

case. Consequently, even though neutron absorption per unit volume of the 

rock is less than for the water, overall neutron absorption is increased by 

the large amount of rock present. Including neutron absorbing constituents 

such as iron oxides, which have been ignored in our idealized rock, would 

further reduce ~ and increase calculated MCM values. Thus the results pre

sented in Figures 10 and 11 are conservative for actual geologic media 

occupying 60% of the mixture volume. 

Fuel Rod Effects 

The base case and variations considered so far consider homogeneous 

mixtures of spent fuel and other materials. In this section the reactivity 

increasing effects of fuel rods are presented. 

Spent fuel will be disposed of in the form of rods roughly twelve 

feet long. Inside the (primarily zirca10y) cladding will be pellets of 

39 



Figure 11. Values of koo for Base Case Fuel and Water Homogeneously Mixed with 60 Volume % 

Rock, at th-e Same "Concentrations as the MCM Val ues Shown in Figure 10 
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oxide fuel. Following disposal cladding may fail and the fuel rods may 

be broken. Should geometrical rearrangement occur a roughly spherical 

shape cannot be ruled out. Consequently, spherical geometry with water 

reflection is assumed for the MCM calculations in this section, as in 

previous sections. Fuel cladding is ignored. 

The calculations for this case assume that the spent fuel actinide 

oxides of the base case are present in a uniform lattice of unclad rods. 

As for the base case, fission products are ignored. Rod diameter is as

sumed to be 0.819 cm, which is the fuel pellet diameter for Westinghouse 

17 x 17 PWR fuel assemblies. 

Optimization calculations to determine the MCM addressed only the 

effects of varying rod spacing in a square lattice. Effects of varying 

fuel rod diameter were not investigated. Thus the calculated MCM values 

could be somewhat larger than the actual mimima. This effect could hav.e

possible significance if fuel pellet diameters were reduced by leaching. 

The effect would probably be largest for fresh fuel. Calculations for 

fresh U02 fuel indicate that optimum rod size for 3% enriched fuel is 

about 0.5 cm, smaller than the value assumed here. The difference between 

MCM values calculated for the two rod sizes is about 4%. The difference 

would be slightly larger for 3.5% enriched fuel. 

For fresh fuel the optimal rod size increases as enrichment decreases. 

Thus, for 2% enriched fuel the true MCM occurs for a rod diameter close to 0.8 

cm. For 1.5% enriched fuel the optimum rod diameter is about 1.0 cm, with a 

true MCM about 1% higher than that calculated for rods of 0.8 cm diameter. 
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In-reactor fuel exposure reduces 235U content while producing Pu, 

other actinides, and fission products. The net result of these effects 

is expected to be an increase in the optimal rod size with exposure. 

Calculations by Libbyll show that for Pu-natural ura.nium mixtures 

the optimal rod size increases with decreasing fissile cc,ntent, just as 

for 235U systems. 235U fission and replacement of a portion of it by 

239pu yields a slow reduction in the effective fissile ccntent of fuel 

rods. This should be accompanied by an increase in optirral rod size. 

Libby's calculations also show that when higher Pu isotopes are considered 

the optimal rod size is further increased. Inclusion of other neutron ab

sorbers would likewise increase optimal rod size. Consequently, the effect 

of exposure should be to decrease the difference between the true MCM value 

and that which we calculated assuming constant rod size. When the optimal 

rod size exceeds that of the actual fuel pellets our results would again 

be larger than the true MCM value. However, as no geophysical mechanism 

is known for increasing fuel pellet diameters the point becomes moot. In 

this case our MCM values are the true minima achievable for the fuel rods 

assumed. 

Figure 12 presents MCM values as a function of expos~re for base case 

fuel actinides in 0.82 cm diameter unclad rods having appropriate length to 

yield a spherical configuration. The MCM values for uncl~d rods are 

dramatically reduced at high exposures. The exposure at II/hich the ~1CM 

reaches the fuel mass of a single PWR assembly ;s ;ncreasl~d to well beyond 

the design lifetime of the fuel. 
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Figure 12. Minimum Critical Mass as a Function of Exposure 
for Base Case Fuel in the Form of Unclad Rods 
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In Figure 13 koo values are presented which were calculated for the 

optimal lattice spacings at which MCM values occur. Curves of koo and MCM 

vs lattice spacing for various exposures are presented in Appendix A. The 

increase in koo for this case over the base case is seen to decrease somewhat 

with exposure. Nevertheless, koo is significantly increased for rodded 

lattices at all exposures. 

A single calculation of koo was performed for rods with cladding 

included. This was done for the lattice spacing of a PWR fuel assembly, 

1.33 cm. The value of koo calculated for this case was 2.7% smaller than 

for an unclad lattice having the same spacing. 

Fission Product Effects 

Fission products absorb neutrons and thus reduce the neutronic re

activity of any system. With the exception of this section they have 

been ignored in this study. 

There are several reasons why fission product effects have been 

excluded from the main portion of this study. For one thing, fission 

product inventories depend upon exposure time and power histories much 

more than actinide inventories do. Also, the solubilities of many fission 

products are larger than for actinides, and they span a wider range than 

actinide solubilities. Consequently, additional assumptions are required 

to specify fission product inventories in spent fuel disposed of in geologic 

repositories. In addition, calculational complexity and I~xpense is increased 

by including the additional fission product cross sections, Finally, the 
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2l8-group cross section library used for this study did not include fission 

product cross sections. Consequently the effects of fission products are 

addressed only here. 

On the other hand, the results of the previous section show that homo

geneous mixtures are significantly less reactive neutronically than rodded 

systems are. Higher values of koo are calculated when rodded fuel is assumed 

than when homogeneous fuel-water mixtures are assumed. The difference ranges 

from 9.5% in ~k/k for unexposed fuel to 7.4% in ~k/k for fuel exposed to its 

design limit. 

However, from a physical standpoint it may not be reasonable to assume 

rodded fuel devoid of fission products. Fuel pellets are solid ceramic 

structures having densities exceeding 90% of theoretical density. Leaching 

of fission products from central regions of solid pellets is not expected. 

If water somehow did gain access to central regions to cause leaching (due 

perhaps to an open spongy structure) then a more homogeneous system would 

result and the neutronic analysis should be modified. Consequently the 

results of the base case analysis may not be as non-convervative as one 

might conclude from the results of the previous section. 

An estimate of the reactivity worth of fission products in rodded fuel 

has been made using the LEOPARD code. A uniform array of typical 0.82 cm 

diameter PWR fuel rods at the standard spacing of 1.33 cm was investigated. 

The fuel was initially enriched to 3.0 wt% 235U, and exposed to 30,000 MWD/ 

MTM. No radioactive decay was assumed. The results of t1is analysis show a 

reduction in koo of 8.7% in ~k/k caused by the presence of fission products. 
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Thus, for well exposed fuel the neutronic effects of including fission 

products in the analysis compensate for the effects of assuming rodded 

fuel. This supports the reasonableness of the base case as a "middle

of-the-road" choice for survey calculations from the standpoint of con-

servatism. 

Brine Moderation Effects 

Due to neu tron absorpt i o~ __ .~X_. ~~~ or~~"~, sa It reduces the" .~eu_!Ton~~ __ . 

reactivity of systems containi~g fissile materials. The extent of this .----------',-.-..,,"'_._-"" .... '_ .. , .. ""_ ... , - .. -- - . '-,~ ,'-.-.,--

effect for base case fuel moderated by brine instead of water has been 

evaluated. The compositon assumed for the brine was 36 grams of salt 

per 100 grams of water, having a density of 1.20 g/cm3. This is the 

composition of a saturated room temperature brine. 

The calculations assumed base case fuel actinides in 0.82 cm diameter 

unclad rods, as was assumed in the section on Fuel Rod Effects. Actinide 

MCM values of 1510 kg and 7700 kg were calculated for exposures of zero 

and 10,000 MWD/MTM. Due to the large magnitude of these values no graph 

is presented. Values of km for optimal lattice spacings at which MCM values 

occur are plotted in Figure 14. Curves of km and MCM vs lattice spacing 

for these exposures are presented in Appendix A. 

Values of koo for homogeneous mixtures of brine and base case actinides 

have not been calculated. One may infer that for zero exposure koo will be 

near or slightly below unity. This result is obtained independently by two 

rather crude approximate methods. The first evaluates a "reactivity worth" 

of rodded vs homogeneous mixtures in water. Subtracting koo values for zero 

47 



Figure 14. Values of kw for Base Case Fuel as Unclad Rods in Brine for the same Spacings 
as for the MCM Values Reported in the Text 

1.60 r--:------------------------------, 

1.50 

1.40 

1.20 

1.10 

RODS IN BRINE 
1.00 ......... ______ ..I.....--______ .L..-______ -'---_____ ~ 

o 

, . 

10 20 

EXPOSURE, GWD/MTM 

30 40 

.. .. ." t" 



.. 

exposure fuel in Figure 13 yields a value of 0.125. If the same difference 

is assumed for zero exposure fuels in brine a k~ value of 0.995 is predicted 

for homogeneous brine mixtures. Alternatively, the "reactivity worth" of 

brine vs water can be estimated by subtracting koo values for zero exposure 

rodded fuel in water and brine (Figure 14). The difference is 0.325. If 

the same di fference is assumed for homogeneous mi xtures of zero exposure fuel 

in water and brine, again a k~ value of 0.995 is predicted. Dispite the 

crudity of this procedure it is clear that koo must be close to or less than 

unity. If criticality is possible for homogeneous mixtures of zero exposure 

base case fuel and brine, very large quantities will be required. At ex

posures of 10,000 MWD/MTM or greater criticality cannot occur. 

Accuracy of the Calculations 

Considerable evaluation of the accuracy of the AMPX code package using 

ENDF/B-IV cross sections has previously been performed in other studies. 

These results indicate that calculations of keff for homogeneous plutonium 

soiutions yield results about two percent high8 and that calculations of 

keff for homogeneous uranium solutions yield results much closer to unity.6 

We have confirmed that similar results are to be expected from our calcula-

tional model, which differs from those used for the published evaluations 

primarily in the reduced number of energy groups used in the transport cal

culations of critical radius. This is be expected since the few group cross 

section sets used in our calculations were-formed by multigroup averaging 

over the 27-groupflux calculated explicitly for each specific mixture 

investigated. 
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Confirmation of similar results for our model was obtained by calculating 

keff for a critical benchmark experiment12 performed in cylindrical geometry 

with a nitrate solution containing 93 wt% natural uranium and 7 wt% plutonium 

containing 22.8% 240pu . Concentrations of Pu and U were 21.85 and 281.9 g/~, 

respectively. The experimental geometry was a cylinder of radius 30.5 cm and 

height 89.6 cm fully reflected by water everywhere but on top of the solution. 

The one-dimensional calculation treated axial leakage by introducing an axial 

buckling term corresponding to an effective height (cylinjer height plus re

flector savings at one end) of 96 cm. The neutron multiplication factor 

calculated for this experiment is keff = 1.024, in agreem'~nt with expectations 

for solutions containing significant amounts of plutonium. 

A calculation was also performed for a critical experiment with 

aluminum clad low enrichment U02 fuel rods in water. 13 T1e uranium 

was enriched to 3.04 wt% in 235U. The rods were arranged in a cylin

drical lattice with a water-to-fuel volume ratio of 1.65. The axial 

buckling correction used in the XSDRN calculation used an effective 

height of 134 cm. The value of keff calculated for this ':ritical array 

is 1.000. This confirms the greater calculational accuracy indicated 

in Reference 6 for systems lacking PUG 

Thus, depending on the amount of Pu present our resu"lts may be as 

much as two percent conservative in k. The presence of Np, Am and Cm, 

the primary actinides present in spent fuel besides U and Pu, may also 

affect calculational accuracy. However, this effect was rIot evaluated 

as critical benchmark experiments incorporating these materials have not 

been performed. 
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Significance of Results 

Several conclusions follow from the results and discussions presented 

in this section . 

• 

• 

• 

Our base case - spherical, homogeneous mixtures of water and 

actinides from PWR oxide fuel initially enriched to 3.5 wt% 

235u, fully reflected by water - is a "middle of the road" 

choice from the standpoint of conservatism. 

For our base case, actinide minimum critical mass does not exceed 

50% of the uranium mass in a single PWR fuel assembly for almost 

two thirds of the fuel's design lifetime. 

Actinide MCM is a sensitive function of fuel exposure, increasing 

very rapidly as exposure reduces k~ towards unity. For homogeneous 

mixtures of spent fuel actinides and water this does not occur 

until exposure approaches fuel design lilnits, regardless of initial 

fuel enrichment. 

• Actinide MCM is significantly lower 30,000 years after discharge 

than after ten years. For our base case the reduction is 28%. 

• Including only U and Pu in calculations reduces calculated ~101 

values. This reduction is smaller, however, than changes caused 

by decay of 24lpu and 240pu . 
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• Actinide MCM is greatly increased when rock materia". is assumed 

mixed with the base case fuel-water mixture. In re~lository and 

disposal canister design, minimizing void space in which a fuel

water mixture could accumulate will help minimize criticality 

potential. 

• Actinide MCM is greatly reduced when fuel form is assumed to be 

unclad rods in a spherical lattice instead of a homogeneous mixture 

of fuel and water. However, to ignore fission product effects while 

assuming intact fuel pellets is unrealistic and may be unnecessarily 

conservative. 

• When fission products are included in MCM calculations for rodded 

fuel the reactivity increase due to assuming fuel as rods is fully 

compensated for by the fission products for base cas! fuel exposed 

to 30,000 MWD/MTM. 

• Criticality of fresh 3.5% enriched fuel rods moderatl~d by saturated 

brine requires more than the fuel mass of three PWR assemblies con

figured into a spherical lattice. Criticality will I~ither not be 

possible or will require extremely large fuel masses for fuel exposed 

more than 10,000 MWD/MTM, or for homogeneous fresh fuel-water mixtures. 

These results and conclusions identify the primary factors affecting 

the criticality of spent fuel materials in a geologic env"ironment. The 

presence of salt in the moderator (brine) is seen to be the most important 

factor. Criticality concerns will be least for repositor"ies excavated 

into salt deposits. 
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When salt is not present fuel exposure is the most important factor 

affecting criticality, particularly if disposal of intact fuel assemblies 

is planned. Failure of fuel to reach design exposure limits must be 

carefully considered in assessments of the criticality safety of geologic 

disposal concepts. It appears likely that acceptance criteria must be set 

for fuels to be disposed of as intact fuel assemblies. Furthermore, be

cause of the strong dependance of MCM on exposure it is possible that 

measurement systems may have to be developed, demonstrated and operated 

at repositories to verify that spent fuel received for disposal has indeed 

achieved the exposures which are given for it. 

The form assumed for spent fuel materials significantly affects 

analysis results. Chemical, mechanical and thermal factors of the dis

posal environment which could lead to fuel pellet decomposition should 

be identified and their effects quantified. Determination of the effects 

of extensive leaching on fuel pellet integrity should also be included in 

ongoing studies undertaken to determine removal rates for radionuclides. 

Repository site evaluation studies should include an investigation 

of geologic processes which could reconfigure disposal canisters into 

geometries more favorable to criticality. The extent to which such 

processes could alter the properties of spent fuel should be evaluated. 

The mixing of geologic media with spent fuel materials strongly affects 

criticality. Designers of disposal canisters and of repositories should 

recognize that criticality potential is minimized by filling void spaces. 
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Backfilling around emplaced canisters will eliminate voids in which a 

fuel-water mixture could accumulate. In addition, a "stabilizer" material 

can be used to fi 11 voids within cani sters whi ch exi st bE~tween rods of fuel 

assemblies and between assemblies and canister walls. It is noteworthy 

that even rock or sand having minimal neutron absorption properties has 

a significant effect. 

Thus these results provide guidance to investigator~; in other facets 

of the NWTS program. Repository siting, disposal canistE!r design, and 

research into basic geophysical phenomena are all involved. 
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IV. PLUTONIUM-ROCK CRITICALITY WITHOUT WATER 

The selective leaching, transport and deposition of Pu from spent 

fuel wastes would be a physical process which might increase the fissile 

fraction of the waste materials and thus increase the potential for 

criticality. Consequently calculations have been performed to identify 

and quantify factors of primary importance to the achievement of criti

cality with separated Pu in a geologic environment. 

Significance of Pu-Rock Criticality Without Water 

The possibility of Pu-rock criticality without water is unique in that, 

should it occur, termination would require dispersal of either Pu, rock or 

both. Higher temperatures and possibly higher pressures would be required 

than for the removal of water, which is the mechanism expected to terminate 

water-moderated criticality excursions. Such a criticality might be more 

disruptive than one in which water expulsion resulted in subcriticality. 

One may postulate a scenario leading to a criticality which would not 

be terminated by water expulsion. The scenario requires that water enter 

a repository, gain access to many canisters of spent fuel, and then dis

solve, transport and selectively deposit Pu in a local accumulation of 

significant quantity, concentration and puri~y. The accumulation site 

could be a sand or gravel bed in which the Pu was adsorbed onto the rock, 

allowing a semi homogeneous Pu-rock mixture of considerable phy~ical size. 

If this accumulation took place in such a way that the concentration of Pu 

in the bed was low enough, neutron absorption by materials in the bed could 
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prevent criticality from occurring while a large quantity of Pu accumulated. 

Criticality could occur later, if the concentration of reutron absorbers was 

reduced. (Two ways that thi s mi ght happen are reducti or, of water contents 

and radioactive decay of the non-fissile isotope 240pu . Details of these 

possibilities are discussed in the following section of this report). 

After initiation of criticality, water would be expellee by the energy 

release of criticality. This would reduce both neutron moderation and 

neutron absorption. However, neutron moderation would still be provided 

by the rock, and if the neutron absorption of the rock was sufficiently 

low criticality could continue until all water was expelled. Energy re

lease would then continue until either Pu or rock material, or both, were 

displaced. This might be more disruptive than a criticality terminated by 

water expUlsion. 

The discussions and calculations presented in this report indicate 

that Pu-rock criticality without water is theoretically possible. They 

identify concentrations, quantities and purity required for it to occur. 

However, for Pu-rock criticality to occur would require a Significant re

duction of the uranium to plutonium ratio below that in spent fuel; it 

would also require that the Pu accumulate in excess of c. minimum amount; 

and it would furthermore require that the Pu accumulatic,n be local ized. 

Geophysical and geochemical studies may determine that one or more of the 

requisite conditions cannot be met, either in general OY' in specific geo

logic material under consideration as repository sites. If so, this 

theoretical possibility may be shown not to be a physicc:l possibility. 
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The results of this study thus provide guidance for geophysical, geo

chemical and repository site-specific studies directed towards understanding 

physical phenomena affecting the behavior of geologically disposed of nuclear 

wastes. The delineation of conditions of concern directs the attention of 

researchers to study areas of importance. 

Criticality Effects of Water Loss 

The scenario for selective accumulation of Pu requires aqueous processes. 

Consequently, this section is included to describe how a quantity of Pu suf

ficient for criticality in dry rock could accumulate without criticality 

occurring prematurely. (Premature criticality would drive out water and 

stop the accumulation process). Calculational results presented in this, 

section have been adapted from studies by Roger Carter, et al. 14 , 15 

The effects on the critical mass, Mc, of rock material mixed into 

homogeneous mixtures of Pu and water are shown in Figure 15, which is 

redrawn from Carter's calculations. 14 , 15 For these calculations the Pu 

was assumed to be in metal form, and to contain 3 wt% 240 pu . Spherical 

geometry with full water reflection was assumed. The rock was assumed to 

have a composition representative of the soil at Hanford, WA, as given in 

Table IX. 

In each of the curves of Figure 15 the critical mass, Mc, drops rapidly 

from an infinite value (which occurs at the minimum critical concentration 

of Pu, Cmin) to a minimum critical mass, MCM, as the concentration is in

creased. Further increasing the Pu concentration above that at which the 
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Figure 15. Critical Plutonium Mass of Homogeneous, Saturated Pu-Water
Rock Systems. Spherical Geometry with Full Water Reflection, 
and 3 wt% 240pu are assumed. From Carter, et al. 14 
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TABLE IX. Soil Composition at Hanford, WA 

Component Wt% 

Si02 81.0 

A1 203 6.0 

Fe203 2.0 

FeO 2.0 

CaO 4.0 

MgO 2.0 

K20 1.0 

Na20 1.0 

H2O 1.0 

Full soil density, no voids: 2.43 g/cm3 
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MCM occurs increases Mc. At higher Pu concentrations approaching theoretical 

density (not shown in Figure 15) the Mc curve stops rising and Mc decreases, 

but it does not drop below the MCM value. 

The curves of Figure 15 show the two primary effects of mixing rock 

into a Pu-water mixture. The MCM is increased, and Cmin is decreased. The 

MCM increase results because the rock does not moderate neutrons as effec

tively as water. Consequently, a larger sphere of the mixture is required 

for criticality. The decrease in Cmin results because the rock absorbs 

fewer neutrons per unit volume than the water. Consequently, at the low 

concentration limit where neutron production and absorption just balance, 

replacement of water by rock allows a reduction in Pu concentration until 

reduced neutron absorption in the rock is offset by reduced neutron production. 

These two effects cause the curves of Fi gure 15 to cross at low concen

trations. In this region a higher Mcis require~ for criticalgy wi~h !ull 

density solution than when rock diluent is present, if the Pu concentration 

does not change. 

When criticality occurs in a solution voids are produced by boiling 

or radio1ysis. Solution density is reduced, reducing the concentration 

of Pu in grams per litre of solution. In addition, neutron leakage from 

the solution is increased due to its reduced density. Dua to these effects 

such void production in solutions always results in a higher Mc being re

quired and criticality being terminated. 

60 



In considering the criticality of Pu-rock-water systems, however, a 

new possibility exists. The Pu may be sorbed on the rock, and water ex

pu1~5~n due to a critical ity may not significantly reduce Pu concentration. 

Under the proper circumstances calculations indicate that water expulsion 

may initially decrease the required Mc, resulting in a more rapid chain 

reaction and more water expulsion. Eventually enough water may be expelled 

so that the requi'red Mc increases above the fissile mass present when 

criticality was initiated. If so, criticality would be terminated. If 

not, criticality would continue even after all water was expelled. 

Of interest in this discussion is the effect of water loss on a system 

where Pu is sorbed on rock (sand grains, for instance). In such a system 

the Pu would stay put as water was expelled, and the Pu concentration in 

g/t would not change. Unfortunately, no reports have been published pre-

senting curves of Mc vs Pu concentration which show the effects of removing 

more and more water while maintaining Pu and rock concentration constant. 

However, Carter15 has published calculated values of k~ and of material 

buckling, 8m2, for such systems. To facilitate this duscussion we have 

developed curves of approximate Me vs concentration using Carter's results. 

The Pu-water-rock-void systems investigated by Carter assumed that 

rock having a composition given in Table IX occupied 70% by v()lume of the 

system. Pu having a 240pu content of 3 wt% and water were homogeneously 

mixed with the rock. Mixtures investigated ranged from a saturated system 

having no void space to a Pu-rock-water-void mixture having 29% void space. 

Systems devoid of water were not investigated 
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Although Carter's calculations did not produce critical mass values, 

a rough indication of the size of an unreflected sphere of Pu-rock-water-
._--------

void material can be obtained from his 8m2 values using"ttllLequation 

8m2 = 

In this relation R is the sphere radius and A is the flux extrapola

polation distance. In aqueous systems A is typically a few centimeters, 

and it varies with Pu concentration. No calculations have been performed, 

however, which determine the behavior of A with composition for the systems 

of interest here. 

Values of Mc have been obtained from Carter's values of 8m2 using the 

above relation, with A set equal to zero. This approximation leads to over

prediction of R (and thus of Mc). These Mc values are presented as a 

function of Pu concentration in Figure 16. a with corresJonding values of 

koo presented in Figure 16. b. 

The curves of Figure 16.a qualitatively resemble thDse of Figure 15. 

The curve in Figure 16.a for "no void" is for the same saturated system 

as the curve for "70% rock II in Fi gure 15. Hi gher Mc values result, however, 

due to the absence of reflection and the use of a zero value for the flux 

extrapolation distance. In Figure 16.a, it is seen that replacement of 

water with void space increases the MCM values at the low point of the 

curves. This also reduces the minimum critical concentration,'Cmin, as 

is most clearly shown in Figure 16.b. It is this effect ~hich results in 

the possibility of a scenario in which sufficient Pu might be accumulated 
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Figure 16 a. Approximate Plutonium Critical Mass for Unreflected 
Spheres of Pu-Water-Rock-Void Systems Containing 70% 
Rock. The Pu is Assumed to Contain 3 Wt% 240pU. Mc 
Values are Calculated from Bm2 Values Calculated by 
Carter~15 and are somewhat Overestimated as is Discussed 
in the Text 
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Figure 16 b. Values of k<x> Calculated by Carter15 which Correspond 
to the Mc Values Presented in Part a of this Figure 
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under saturated conditions that subsequent water loss might yeild a 

criticality not terminated by complete drying out. 

The following paragraphs present a highly speculative scenario 

indicating how a criticality not terminated by water expulsion could 

result from Pu accumulation under the right conditions. The discussion 

uses the Mc values from Figure l6.b for the purpose of illustration. 

However, the reader is again reminded that they are overestimates and 

that they were calculated for unreflected systems. Consequently, the 

Mc values shown in Figure l6.a for almost-dry systems (29% void) are 

considerably larger than values calculated by the authors for fully re

flected, completely dry systems which are reported later in this section. 

(Another effect contributing to this difference is the use of different 

rock compositions). The curves of Figure l6.a and l6.b are included 

solely to facilitate the following discussion of a possible initiating 

scenario for criticality not terminated by water expulsion. This is done 

because the analyses performed for this project assumed the absence of 

water. 

Consider the following scenario which might lead to a criticality 

not terminated by water expulsion. Suppose Pu were to accumulate in a 

local region under saturated conditions, by some unspecified leaching

transport-sorption process. Suppose further that the Pu concentration 

achievable by this process could not exceed 3.5 g Pu/£, so that criti

cal ity could not occur under saturated conditions no matter how much Pu 

accumulated at a concentration of 3.5 g Pu/£ in a roughly spherical lens 

deposit, and that this was followed by a geological change which caused 
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partial drying out of the deposit. In Figure l6.b it is seen that criti

cality would be possible once a void fraction of a few percent resulted. 

The actual void fraction at which criticality would occur would be deter

mined using Figure l6.a, by extending the curves to the appropriate Mc 

value and interpolating between them. 

The onset of criticality would generate heat and expel water, 

increasing the void fraction in the system. In Figure l6.a it is seen 

that, for a concentration of 3.5 g Pu/~, the Mc required for criticality 

decreases as the void fraction increases to 20%. This would increase the 

energy release of the chain reaction driving out more water. After the 

void fraction exceeded 20% the required Mc would increase, slowing the 

reaction. If several hundred kilograms of Pu had accumulated, criticality 

would continue as water was expelled and the void fraction exceeded 29%. 

Whether criticality would continue upon complete drying out cannot be 

determined from Figures l6.a and l6.b. The results presented later in 

this section indicate that criticality would continue if sufficient Pu 

were present in the necessary geometrical configuration. 

The above discussion was included to establish the physical possi

bility of a scenario leading to the accumulation of sufficient fissile 

material that a criticality might occur which could continue after all 

water was expelled. Whether appropriate Pu concentrations could be achieved, 

and whether the necessary separation of U from Pu could o:cur were not con

sidered. The calculational results reported in this paper determine the 

necessary concentrations and purity so that these questions can be addressed. 
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Finally, before closing this discussion of possible initiating scenarios 

of criticality not terminated by water expulsion, one additional complicating 

factor must be noted. This factor greatly expands the range of concentrations 

over which large quantities of fissile material could accumulate without 

causing criticality, which could later result in a criticality not terminated 

by water expulsion. This factor is the 240pu content of Pu in spent fuel, 

which ranges up to and above 25 wt% at design burnup. Proposed high-burnup 

fuels would have an even higher percentage of 240 pu . 

Because 240 pu strongly absorbs neutrons it greatly depresses koo values. 

Higher 240 pu content would translate the curves of Figure 16 strongly to the 

right, greatly increasing the minimum critical concentration of Pu in rock

water systems. However, 240 pu decays to 236U (which absorbs neutrons less 

strongly) with a half life of 6.5 x 103 years. During one half life of 239pu 

{2.5 x 104 years)_the amount of 240pu present will be reduced by a factor of 

fourteen, while half of the 239 pu decays to 235U which is itself fissile. 

As this decay progresses the emin of a saturated Pu-rock-water-system decreases. 

This broadens the range of concentrations over which large fissile accumulations 

could form without criticality occurring, yet which could later result in a 

criticality not terminated by water expulsion. 
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Critigue of Previous Calculations 

The first calculations of Pu-rock systems devoid of water were pub

lished by E. J. Allen 16 of ORNL. He calculated Mc values for fissile 

materials from nuclear wastes homogeneously mixed with various moderator 

materials which included an idealized rock consisting 80 wt% 5i02 and 

20 wt% A1 203. This rock material lacks significant neutron absorbing 

constituents, and thus maximizes calculated neutronic reactivity. Allen's 

calculations assumed spherical geometry, with neutron reflection by a 

spherical rock shell 20 cm thick. 

Allen's calculations showed that if Pu were somehow separated from 

other waste constituents and mixed with optimal dry rock, criticality 

would indeed be theoretically possible over a wide range of Pu concen-

trations. Calculated masses of Pu02 required for criticality are shown 

in part a of Table X as a function of Pu02 concentration in dry rock. 

Pu isotopics assumed for the calculations are listed in part b of Table X. 

They correspond to Pu from spent PWR fuel exposed to 33,000 MWD/MT, ten 

years after discharge. Additional calcaluations were carried out assuming 

post-discharge times of 102, 103 and 104 years. Results of those calcula

tions were qualitatively similar to the results shown in Table X. 

The smallest critical mass listed in Table X for the dry Pu-rock 

mixtures occurs for theoretical density oxide with no intermixed rock 

material. This Mc value is not large - less than three times the Pu02 

content of a single PWR fuel assembly exposed to design )urnup. However, 

due to the absence of known geophysical processes for se)arating Pu02 from 
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TABLE X. a. Critical Masses calculated by Allen13 of Pu02 in dry rock. 

b. 

Isotope 

Wt% 
in Pu02 

Spherical geometry with a 20 cm thick rock reflector are 
assumed. 

Density of PU02 
in Rock* 
(g/cm3 ) 

11 .46 
5.32 
2.47 
1.15 
0.53 
0.247 
0.115 
0.053 
0.025 

Critical Mass 
of PU02 

(kg) 

12.2 
26.0 
51.9 
94.0 

113.9 
58.6 
51.7 
51.5 
48.0 

*Rock of 80 wt% Si02 and 20 wt A1 203 at full density 
of 2.91 g/cm3 was assumed to fill all space not oc
cupied by full density PU02' 

Assumed Pu isotopic composition. Corresponds to PWR 
fuel exposed to 33,000 MWD/MTM and decayed for 10 yrs. 

238pu 239pu 240pu 241pu 242pu 

1.3 53.1 21.9 7.6 4.4 

69 



spent fuel and concentrating it at theoretical density this fact is of 

minimal significance to considerations of the criticality potential of 

spent fuel in geologic repositories. 

Of greater interest is the indication of decreasing Mc values at 

the low-concentration end of the data. Although the low-concentration 

Mc value is four times larger than that for theoretical density oxide, 

Mc is decreasing with decreasing concentration. From examination of 

Table X one is led to expect the existence of a minimum in Mc similar 

to minima in the curves of Figure 15. Among the objectives of our 

project was determination of just how deep such a minimu~ might be. 

Consequently our calculations extended to concentrations lower than 

the 22 9 PUll (0.022 gm PU/cm3) limit of Allen's work. Dur calculations 

were confined to the concentration range between 1 and lDO g PUll, 

since low concentrations are likely in geologic leach;ng-transport-

sorption scenarios. 

No benchmark critical experiments have ever been performed using 

Pu moderated with materials such as S;02 and A1 203. Consequently, 

evaluation of calculational accuracy for such systems is not possible 

using the customary method of calculating keff for a critical system. 

Therefore, we planned to compare our results with Allen'3 to obtain 

a measure of the uncertainty associated with our results. In addi

tion, in order to facilitate comparison of results of pa~ametric 

surveys with Allen's results, we chose to use the same rock composition 

assumed by Allen in all of our calculations. 
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Upon calculation of Mc values for Pu02-rock mixtures having the same 

Pu isotopic content and rock composition as given in Table X, we found that 

our results differed greatly from Allen's in the concentration range below 

100 g PU/i. Our results are compared with Allen's in Figure 17. (To avoid 

confusion the reader is cautioned that the oxide masses and concentrations 

of Table X have been converted to Pu masses and concentrations for Figure 17). 

Our Mc values are seen to be four times greater than Allen's at 100 g PU/i, 

and to increase rapidly with decreasing concentration. Our calculations 

indicate that the minimum critical concentration, Cmin, at which Mc becomes 

infinite, is higher than the 22 g Pu/£ for which Allen calculated finite and 

decreasing Mc. A minor difference between the calculations is that we as

sumed reflection of the fissile region by a rock reflector 120 cm thick, as 

opposed to the 20 cm thick reflector assumed by Allen. Reducing the thick

ness of our reflector would increase, not reduce, the discrepancy. 

The source of this large difference between our results and Allen's at 

~ow concentrations is believed to be the method of cross-section processing. 

We conclude that the approximations introduced in our method are smaller, 

and that our results are more accurate. We have discussed this conclusion 

with Allen and he agrees. 

In the following paragraphs we present the reasons for preferring our 

results to Allen's. From the standpoint of the criticality potential of 

geologically disposed of spent fuel the difference between our results and 

Allen's is significant. Our results indicate that, should Pu separation 

occur, higher concentrations and considerably greater amounts of Pu would 

be required for criticality to be possible. 
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Figure 17. Comparison of Pu Critical ~1asses Calculated Using Methods of 
this Study with the Results of Allen~6 Calculations used 
Identical Pu Isotopics and Rock Composition. Our Rock Re
flector is 120 cm thick compared to 20 cm Assumed by Allen 
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With the exception of cross section processing there is considerable 

similarity between our calculational methods and those of Allen. Neutron 

transport was calculated using the method of discrete ordinates in both 

cases. We used the XSDRNPM code which is part of the AMPXl package. 

Allen developed a special code optimized to perform critical radius searches 

in spherical geometry, and tested its performance against XSDRNPM. Allen1s 

calculations used the P2-S4 approximation for systems including theoretical 

density oxides. O~rs, which emphsized highly dilute systems with large 

fractions of rock moderator, used the Pl-S4 approximation. The ORNL 218 

group criticality library5 based on ENDF/B-IV data4 was the source of cross 

sections for both studies. To minimize the computation time spent in iter

ation to convergence the cross sections were collapsed to few-group sets 

for both studies. The epithermal energy boundaries of Allen's six group 

sets are the same as for our five group sets listed in Table II. He divided 

our thermal group into two, with a boundary at 0.125 eVe 

Our cross section processing was considerably more rigorous than Allen's. 

First, a 27 group library was produced by multigroup averaging over an E- l 

spectrum using the XSDRNPM code. The energy structure of that library is 

given in Table I. This group structure is routinely used in criticality 

safety analyses at PNL and ORNL. 9 This 27 group library was then used in 

calculations which produced self-shielded collapsed five group cross section 

sets specific to every mixture and concentration investigated. Self shielding 

of epithermal resonances was calculated using the NITAWL module of the AMPX 

package, with appropriate moderation effects of the rock materials input for 

73 



each case. The XSDRNPM module was then used to flux-weight and collapse 

each specific cross section set. 

The following paragraph describing the cross secticn processing 

used by Allen is quoted from the appendix of his report. 

liThe cross section handl ing by the compute.tional model 

is straightforward. Cross section resonances were treated 

for various metal-to-hydrogen ratios for each e.ctinide and 

tables of absorption and fission cross sectiom, were prepared. 

For each concentration of actinide compound in moderator, 

the tabulated cross sections are interpolated clepending on 

the ratio of actinide to hydrogen concentration. Therefore, 

a unique cross section set is used for each concentration 

of actinide compound in the moderator. II 

and, from the body of Allen's report, 

liThe 2l8-group cross secti ons were coll apsed to six-group 

sets using weighting spectra for water and brine mixtures. II 

(The scope of Allen's calculational survey was much broader than ours, 

with heavy emphas i s on water and bri ne moderated system~;). 

The result of this cross section treatment is that identical cross 

sections were used for all systems lacking water, regarclless of the extent 

of moderation by non-hydrogeneous materials. Allen has confirmed this 

interpretation in telephone conversation. 
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Calculations using the KENO-IV17 code with Hansen-Roach cross sections18 

support the validity of our results and indicate that they may be a few per

cent conservative. Figure 18 presents koo values calculated by KENO-IV and 

by the XSDRNPM code for the Pu-rock mixtures whose Mc values are plotted in 

Figure 17. (The XSDRNPM results were produced in the runs which collapsed 

the 27 group cross section sets into 5 group sets for the critical radius 

search calculation). The smaller values of koo calculated with KENO-IV in

dicate that larger values of Mc would be calculated using that formalism. 

Due to the statistical uncertainty associated with koo values calculated 

by KENO-IVa critical radius search was not attempted using this method. 

However, it is straightforward to calculate keff for a specific case. This 

was done for a case having Pu concentration of 0.05 g Pu/~ and the Mc value 

predicted by the XSDRNPM calculation. It was found that keff = 0.99 ± 0.01 

for this case. 

When koo is near unity large changes of Mc result from small changes 

of koo. The effect of a 3% decrease in koo on predicted Mc values is indicated 

in Figure 19. New Mc values were estimated using plots of keff vs radius from 

the critical search calculations. Mc values were calculated corresponding to 

the radius for which the extrapolated plots indicated keff = 1.03. Although 

this process is approximate, it is adequate to show the dramatic increase in 

Mc which results from a small decrease in koo at concentrations near Cmin. 

In summary, then, at low concentrations of Pu in rock we calculate much 

higher values of Mc than Allen did. This result is obtained using two diferent 

methods and cross section sets. The difference is believed to originate in 
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Figure 18. Values of koo Calculated for Pu Isotopics and Rock Compositions Given in Table XII 

1.4 ...----------------------------..... 

1.3 

1.2 

1.0 

0.9 

NITAWL -XSDRNPM 

ENDF/B-TI[ 
CROS S SECTIONS 

KENO-N 

HANSEN ROACH 
CROSS SECTIONS 

0.8 '---_______ __'__ _________ ---l~_........1.. _ ___' _ ____L. _ __'__~~ 

10 20 50 100 

Pu CONCENTRATION, g/J, 

. . .. ... 



.. 

• 

Figure 19. Estimated Increasa in Mc Corresponding to a 3% Decrease 
in Kx, for Concentrations Near the Minimum Critical Concentration 
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approximations introduced by Allen in cross section processing. Our 

calculational method using NITAWL-XSDRNPM is few percent conservative 

(predicts larger kw and smaller Mc values) when compared to KENO-IV 

calculations using Hanson-Roach cross sections for the sJecific com

parison cases studied. 

Pu Critical Masses for Pu-Rock Systems 

Many factors influence the criticality of Pu in dry rock. Our 

calculations were directed towards separating and understanding the 

effects of these factors. We found two factors to be of primary impor

tance: the isotopic content of the Pu, and the amount of 238U which 

might be deposited with the Pu. These factors strongly affect the min

imum critical concentration and the mass required for criticality at 

any given concentration. Other factors investigated whil:h have smaller 

effects include the rock composition and density and the thickness and 

composition of the neutron reflecting material surrounding the fissile 

core. The results presented in this section indicate conditions which 

could result in criticality if they occur. This will al'low the direction 

of geophysical, geochemical and repository site-specific studies towards 

determination of whether such conditions would be possib'le in or near a 

geologic spent fuel repository. 

Our calculations all assumed a spherical core of fi:;sile material 

homogeneously mixed with rock. For most calculations an optimized rock 

material having low neutron absorbtion properties was as:;umed. The com

position of this optimized rock was 80 wt% Si02 and 20 wt% A1 203, with a 
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density of 2.91 g/cm3. Effects of neutron absorbing impurities in the 

rock were modeled in some calculations assuming the rock composition to 

be 80 wt% Si02, 16 wt% A1 203 and 4 wt% Fe203• Most calculations assumed 

the rock to be at full density, a conservative assumption. Effects of 

imperfect packing of rock pieces were modeled in some calculations as

suming 30% void homogeneously dispersed throughout the fissile core. 

The fissile material was assumed to be in oxide form. Although calcula

tions addressed only systems having low concentrations of Pu (1 to 100 g 

Pu/t) volume fractions of fissile material and rock were nevertheless 

adjusted to maintain full density material as concentrations were changed. 

Base Case\ 

The base case for our parametrized study was chosen to be the most 

neutronically reactive possible. The Pu was assumed to contain only the 

fissile isotope 239pu , and the rock material was assumed to be at full 

density. Full neutron reflection by 120 cm of full density rock was 

assumed. Results for this base case are shown in Figure 20, where Mc is 

plotted as a function of Pu concentration in the rock material. 

The curve of Figure 20 exhibits the characteristic shape for fissile 

material moderated by a weak neutron absorber. As the concentration of 

Pu decreases, Mc decreases until a minimum value is reached. Then, with 

further reduction of Pu concentration Mc increases rapidly due to neutron 

absorption in the moderator. For the base case Mc decreases from about 

40 kg at 100 g Pu/t to a minimum value slightly less than 18 kg of Pu in 

a sphere of 87 cm radius at a concentration between 6 and 7 g Pu/t. (The 
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concentration at this minimum is below the 7 g PU/2 minimum critical 

concentration of Pu-water mixtures}. The minimum critical concentration, 

Cmin, for this base case is about 1.4 g PU/2. 

The 18 kg minimum value of Mc in Figure 20 is not a true minimum 

critical mass. That occurs for theoretical density oxide devoid of rock 

material, and is not of interest here. The 18 kg value of Mc at this 

local minimum is of some importance, however, as it is just 4.5 times 

the Pu content of a PWR fuel assembly exposed to design burnup. It is, 

however, unrealistically low because the base case was chosen as the 

worst case possible. The effects of many factors which act to increase 

this value are discussed in the remainder of this section. 

Neutron Reflection Effects 

Neutron reflection by materials outside of the fissile region reduces 

the fissile mass required for criticality. For conservatism our calcula-

tions assumed "full" reflection, namely, a reflector thickness great enough 

that increasing it no longer reduced calculated Mc values. Calculations 

were performed to determine the thickness of dry rock adequate to provide 

full reflection, and to compare the effectiveness of rock and water as 

neutron reflectors. (Full neutron reflection by 20 cm of water is a 

standard conservative reflection condition assumed in many criticality 

safety analyses). 

Mc values calculated for the base case assuming reflection by 20 cm 
-

of water, 20 cm of rock and 120 cm of rock are shown in Figure 21. At 

concentrations above 9 g PU/2 water is seen to be more effective than rock. 
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This is doubtless due to the excellent neutron moderation of the water, 

which returns neutrons having energies more likely to cause fission. 

At lower Pu concentrations, however, neutron ref1ecton by 120 cm of rock 

yields lower Mc values (due to neutron absorbtion in the water). The 

minimum values of Mc achieved with these reflectors are essentially the 

same. Hence neither is to be preferred from the standpoint of conservatism. 

Consequently, since neutron reflection by rock is more realistic than by 

water in a geologic setting, neutron reflection by 120 cm of full density 

rock was assumed for all subsequent calculations. 

The choice of 120 cm rock reflector thickness is very conservative. 

The effect on Mc of increasing reflector thickness was examined for a case 

having 5 g Pu/t. The results are shown in Figure 22 where it is seen that 

80 cm of rock is almost as effective as 120 cm. However, the Pu concentra

tion of the case studied is very dilute, and the neutron spectrum is well 

therma1ized. Since full reflection of harder spectrum neutrons from systems 

having higher Pu concentrations would require a somewhat thicker reflector, 

the 120 cm thickness was chosen arbitrarily. 

Effects of a Trace of Water 

Calculations were also carried out to confirm that a small admixture 

of water increases the reactivity of Pu-rock systems. This is expected 

since the presence of hydrogen increases neutron scattering and moderation, 

decreasing leakage from a critical system. Figure 23 shows that for systems 

having an H to Pu ratio of unity Mc is indeed reduced below its value for 

dry systems. The curves converge at low Pu concentrations due to the de

creasing amounts and importance of the H compared to the rock constituents. 



Figure 22. Effect of Rock Reflector Thickness for a 239pU02-ROCk Mixture Having 5 g Pu/t 
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Figure 23. Decrease of Calculated Critical Mass Caused by a Trace 
of Water in the 239pU02-ROCk Mixtures 
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Nevertheless, calculated Mc values are slightly smaller for all concentrations 

investigated. 

Rock Porosity Effects 

The effects of reducing the conservatism assumed in the base case were 

explore parametrically. Since a leaching-transport-deposition scenario re

quires fractures and porosity in the rock (or sand) calculations were performed 

assuming 30% void space homogeneously distributed throughout the fissile core 

region. This essentially doubled the low-concentration minimum Mc value, 

and reduced the concentration at which the minimum occurred. The minimum 

critical concentration was also reduced. These results are shown in Figure 24. 

Rock Impurity Effects 

Also shown in Figure 24 are the results of calculations in which it 

was assumed that iron was present in the rock in the fis;ile core region. 

Rock composition was assumed to be 80 wt% Si02, 16 wt% AI 203 and 4 wt% 

Fe203 , ~iith no change in rock density. The effect of thl~ Fe was to increase 

the local minimum Mc value by about 40 percent from the base case and, to 

increase slightly the concentration at which the minimum occurred. The 

significance of this assumed iron impurity is that Fe is the most strongly 

neutron absorbing constituent present in significant amollnts in most rock. 

The rock at the Oklo natural reactor site in Gabon, Africa contained 42% 

Si02, 28% A1 203, 15% iron oxides and 15% oxides of other materials. 19 

Thus impurities in the rock can have a greater effect thiln indicated by 

these calculations which assumed a 4% iron content. 
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Values of koo calculated for the base case and the two variations dis-

cussed above are presented in Figure 25. These koo values are well above 

unity over most of the concentration range explored. The greatest differ-

ences between cases occur at low concentrations. The increase in Cmin due 

to neutron absorbtion by impurities is evident, as is the decrease of Cmin 

allowed by reducing the density of the rock (which is its:1f a neutron ab-

sorber). These variations from the base case are minor, ~owever, and their 

effects are not large. 

Effects of 240pu 

As has been shown, neutron absorption increases calcillated values of 

Mc and Cmin. More dramatic evidence of this effect results from including 

the non-fissile isotope 240 pu in the calculations. Figure 26 presents Mc 

values calculated assuming that the plutonium contains various amounts of 

240pu up to a maximum of 25 wt%. The curve for 25 wt% Pu closely resembles 

the curve of Figure 17 calculated for the case analyzed ~,Al1en. This is 

because the fraction of 240pu in Pu for Allen's case is 24.8 wt%. and the 

fissile isotopes 239pu and 241pu comprise 60.1 and 8.6 wt% of the Pu re-

spective1y. Smaller Mc values are calculated for Allen's case despite its 

smaller fissile fraction because the fission cross sectiorl of 241pu is 

larger than that of 239pu . 

The Mc curves of Figure 22 develop considerable structure as 240pu 

content is increased to 10%, with a peak occurring in the concentration 

range from 20 to 50 g Pull. Values of koo calculated for these cases are 

plotted in Figure 27. The peaks in the Mc curves correlate with a flat-

tening or depression of the koo curves for concentrations between 5 and 
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Figure 26. Critical Masses Calculated for the Base Case and Variations 
for Which the 239 pu had 240 pu Admixtures up to 25 wt% of the 
Total Pu Content 
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Figure 27. Values of koo Calculated for the Base Case and Variations for which the 
239pu had 240pu Admixtures up to 25 wt% of the Total Pu Content 
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2Q g PUlL This results from interaction between the thE~rma1 neutron 

spectrum and the neutron absorption resonance of 240 pu which occurs at 

an energy of 1.06 eV. At Pu concentrations between 20 ard 50 g Pu/£, a 

greater fraction of the thermal neutrons are captured by 240pu than at 

lower Pu concentrations (for which the average thermal neutron energy 
~-

is lower). 

At the higher 240pu fraction of 25%, thermal neutron absorption has 

become so great that criticality is no longer possible below the Cmin of 

about 35 9 Pu/£. Thus the value of Cmin has been increased by a factor 

of 20 over the base case by the presence of such a large 240pu fraction. 

This is of importance to considerations of the criticality potential of 

separated Pu in a leaching, transport, deposition scenario. 

Effects of 240pu Decay 

It is not clear how best to take credit for the increases in Mc and 

Cmin resulting from 240pu presence in the PUG (240pu fra:tions near 25% 

are to be expected in spent fuel exposed to design limits). This is be

cause the 240pu decays more rapidly than the fissile 239 p1J . After 24,000 

years when one half of the 239pu has decayed, 98% of the :~40pu will have 

decayed. Decay of the 239 pu yields 235U, which is also fissile. Decay 

of the 240pu , however, yields 236U which is a much weaker neutron absorber. 

Consequently, the benefi ci a 1 effects of 240pu decrease wi":h time. 

To obtain an indication of the possible significance of 240pu decay 

the calculations for the case having 25% 240pu were repeated with 236U 

cross sections replacing the 240 pu cross sections (236U is the decay 
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240 product of Pu). The results are shown in Figure 28, where they may be 

compared with results for the base case and the 25% 240pu case. Figure 29 

provides a similar comparison of koo values. The decay of 240pu is thus 

seen as a mechanism by which Cmin can be reduced by more than an order of 

magnitude, to a value close to that obtained for the base case. As was 

discussed earlier in this section, this could yield a scenario for initi-

ating criticality if a large quantity of separated Pu were accumulated at 

a concentration somewhat below the value of Cmin when the fraction of 240pu 

was large. This effect must be considered in any future attempt to evaluate 

the effects of Pu separation scenarios in more detail. 

Uranium Contamination Effects 

Geochemical processes involved in a Pu leaching-transport-deposition 

scenario cannot yield complete separation. Since some uranium contamination 

of the separated Pu must result, calculations were performed to determine 

the effects of neutron absorption by 238U on the critical parameters of 

239pu _ 238pu _ rock mixtures. Other isotopes of Pu and U were ignored 

in the calculations to eliminate ambiguity. The results of these ca1cu1a-
~~-.- --"--- -~" ---"._---. 

tions provide a conservative approximation for a more realistic case if all 

Pu isotopes and 235U are assumed to be 239pu . 

Critical masses and koo values calculated for cases having 238U/239pu 

atom ratios of 1, 4 and 9 are presented in Figures 30 and 31. Over the 

range of concentrations which we investigated, criticality cannot be 

achieved if 238U/239 pu = 9. 
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Figure 28. Critical Masses Calculated for the 25% 240pu Case when Cross 
Sections for the 240pu Decay Product 236U Replace the 240pu 

Cross Sections. Mc Val ues are Compared with Results for the 
Base Case and for the 25% 240 pu Case 
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Figure 29. Values of koo Calculated for the 25% 240pu Case when Cross Sections for the 240pu Decay Product 
236U replace the 240pu Cross Sections. koo Values are Compared with Results for the Base Case 

. and for the 25% 240pu Case 
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Figure 30. Critical Masses Calculated for the Base Case and Variations 
in which 238U was Included with the :~39pu in Atomic Ratios 
of One and Four 
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Figure 31. Values of koo Calculated for the Base Case and Variations in which 238U was Included 
with the 239pu in Atomic Ratios of One Four and Nine 
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Fully exposed spent fuel contains roughly one percert Pu and one 

percent 235U. This corresponds to a 238U to fissile ratio of 49 and 

a 238U to Pu ratio of 98. Since any geochemical process separating U 

from Pu will remove both 235U and 238U, reduction of the uranium content 

by a factor of ten would result in a 238U to fissile ratio of 8.9. Thus 

U-Pu separation by a factor of 10 would not be adequate to allow the 

criticality of 239Pu_rock mixtures lacking water under the most optimum 

conditions over the range of concentrations investigated. 

Reduction of the uranium content by a factor of 25 would yield a 

238U/fissile ratio of 3.8. A fissile mass exceeding 100 kg would be re-

quired for criticality at the optimum concentration of the range investi

gated, with much higher values required over most of that range. Incorporating 

the effects of 240pu content and of impurities in the rock would increase 

Mc and decrease k~ for this case. Examination of the k~ reduction seen in 

Figures 25 and 27 due to these effects indicat65that koo might be depressed 

below unity for all concentrations below 100 g Pu/t for a realistic, site-

specific case. Very good separation of Pu from U is thus required for 

criticality to be possible for low concentrations of Pu in dry rock. 

Accuracy of the Calculations 

It is not possible to evaluate the accuracy of our c:ilculational tools 

by the usual method of calculating keff for an appropriat'~ critical assembly. 

No benchmark critical experiments have ever been performed for Pu moderated 

by materials such as Si02 and A1 203. However, a measure of the uncertainty 

in our results may be obtained by comparing the results of our calculations 

with results obtained other ways. 
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As was discussed in the preceeding section, calculations using the 

KENO-IV monte carlo code with Hansen Roach cross sections yielded koo 

values a few percent smaller than we found using NITAWL-XSDRNPM and 

our 27 group cross section library. (The results differed by three 

and five percent for cases having 50 and 20 g Pu/~ respectively). 

A second indication that our results may be slightly conservative 

is found in calculations which compare the effects of different cross 

section processing procedures. These calculations were performed for 

a case with Pu having 25% 240pu , at a (total) concentration of 50 g Pu/~. 

This particular case was chosen because we were concerned about the 

adequacy of our treatment of the 240pu capture resonance at 1.06 eV. 

In this case neutron capture by 240pu is quite significant, resulting 

in large changes in koo and Mc from the base case. The results for this 

case are similar to those calculated for A11en 1 s case, but this case 

differs from the base case only in 240pu content. Other effects are 

thus eliminated. 

In our version of NITAWL the ~ordheim lntegra1 lreatment for cal-

"$~ culating resonance self shielding is only applied to resonances of energy 

greater than 3.05 eV. At lower energies cross sections are treated by a 

mu1tigroup flux calculation and flux-weighted averaging. Our 27 group 

working library was produced by mu1tigroup averaging the 218 group cross 

sections of our source library over an E-1 flux spectrum. Since that pro-

cedure bypasses calculation of the appropriate 218 group flux spectrum for 

specific mixtures it minimizes the computer time required for calculations. 

It does so, however, at the expense of calculational accuracy. Since flux 
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depression by neutron absorption at the energy of the resonance peak is 

ignored, resonance self shielding is underestimated. (Some self shielding 

is incorporated by the 27 group flux calculation and subsequent mu1tigroup 

averaging procedures, however). 

The neutron capture cross section of 240pu is plotted for thermal 

energies in the 218 group representation in Figure 32 (taken from Ref. 8). 

This energy group structure is quite fine, and approximat,:!s a smooth curve 

rather well. Also shown in Figure 32 is the 27 group strlJcture in the vi

cinity of the resonance. Despite the considerably reduced number of energy 

groups, the 27-group approximation of the resonance peak 'is also pretty good. 

The results of multi group averaging the 218 group cross sections into 27 group 

format are shown for two approximations: averaging over an assumed C1 flux 

spectrum, and averaging over the flux spectrum actually cCllculated for the 

50 g Putt case. The former approximation ignores flux depression caused by 

neutron absorption in the resonance, and yields higher values of capture 

cross section in the energy groups shown. In the latter approximation lower 

cross section values result due to the flux depression. lhis effect is 

called self shielding. 

Because the 27 group library used for our calculations was produced 

by multigroup averaging the 218 group cross sections over an E-l flux spec-

trum, we were concerned that the resulting overprediction of neutron capture 

might result in the underprediction of koo. If so, criticality could occur 

with smaller Mc values than we calculated, which would be n:m-conservative. 

To determine the extent of such an effect we calculated koo for the 50 g Putt 

case having 25% 240 pu using the 218 group cross sections. We found that koo 
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Figure 32. Thermal Neutron Capture Cross Section of 240pu in the 218 Group 
Structure. Also 27 Group Representations of the Resonance 
Resulting from Multigroup Averaging over an E-l Flux Spectrum, 
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was reduced from 1.097, calculated using the 27 group set, to 1.079. Thus 

koo is overestimated using the 27 group set, not underestimated. Further 

investigation showed that fissions caused by neutrons having energies higher 

than that of the 240pu resonance were reduced, causing tte reduction of koo • 

Apparently self shielding of 239pu epithermal fission resonances is more 

important than self-shielding of the 240pu resonance for this case. 

The value of Mc calculated for this case using our standard method 

(27 group cross sections multigroup averaged into 5 group sets, followed 

by transport calculations and a critical radius search) was 1340 kg of Pu. 

When the 21B group cross sections were mu1tigroup averaged directly into 

5 group sets (thus better incorporating self shielding) t1e transport 

calculations - critical radius search procedure yielded an Mc value of 

1830 kg, a 36 percent increase caused by the 1.8 percent ~;maller koo. 

This large change results because for this case koo is neal~ unity (for 

which an infinite Mc is required). A smaller change in Me would result 

for larger values of koo . 

Figure 33 presents the results of extrapolating the critical radius 

searches for the base case to multiplication values two percent higher 

than critical. (Such an extrapolation applied to the calculation des

cribed in the preceeding paragraph predicts an Mc value of 2170 kg, which 

is larger than the Mc value of 1830 calculated for a 1.B ~ercent larger 

koo). The effect of a uniform overprediction of multiplication is seen 

to be an increase of Mc by about ten percent over the concentration range 

above 5 g Pu/£. Only as Mc becomes large (koo drops toward unity) does the 

separation of the curves increase to thirty percent. This comparison is 
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Figure 33. Critical Masses Calculated for the Base Case Compared with Values 
which would result if the Calculations Over~redicted Neutron 
Multiplication by Two Percent 
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provided to give perspective to the results discussed above. We have not 

investigated cross section processing effects similarly for other concen

trations than 50 g PU/i having 25% 240 pu . Further evaluations are beyond 

the scope of this limited study. 

Significance of Results 

Several broad conclusions may be drawn from the results presented in 

this section. 

• Under optimal conditions (rock composition, Pu isotopics, etc.) the 

minimum Pu concentration, Cmin, at which criticality is possible in 

dry Pu-rock mixtures is lower (about 1 g PU/i) than for Pu-water 

mixtures (7 g PU/i). 

• Small changes of Cmin from that for optimal conditi~,s result from 

• 

• 

• 

changing rock density and iron oxide content. 

Larger increases of Cmin result when the Pu isotopic content is 

assumed to include a large fraction of 240 pu . 

Increases of Cmin caused by the presence of 240 pu arE! not permanent, 

since 240pu decays to the less effective neutron absorber 236U. 

The greatest increase in Cmin results from the presence of 238U. 

The 238u/pu ratio must be reduced from about 98 for ~.pent fuel 

to less than nine for criticality to be possible in clry rock at 

concentrations below 100 g Pu/~. 
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• The increase of Cmin caused by the presence of 238U is permanent 

because the half life of 238U greatly exceeds the half lives of 

the fissile Pu isotopes and also that of 235u, the decay product 

of 239U. 

The conclusions listed above relate primarily to the minimum critical 

concentration below which criticality cannot occur. Additional conclusions 

relating to critical masses of Pu at concentrations above Cmin are listed 

later. The existence of Cmin is of greater fundamental importance than 

knowl edge of crit i ca 1 masses because of the immense amount of fi ss il e 

material which would be placed in repository concepts proposed-one to two 

percent of spent fuel masses on the order of 105 metric tons. (This is 

comparable to the 235U content of the OKLO ore deposit; 3.2% of 6.6 x 104 

metic tons19 ). 

If it can be shown that Pu separation, transport, and deposition by 

geochemical and geophysical processes cannot produce Pu accumulations of 

sufficient purity and concentration for criticality to be possible, then 

this scenario can be dismissed from further consideration. These results 

define the necessary Pu concentration and purity which must be achieved 

for criticality to be possible. Hence, they provide guidance for investi

gations of leaching, transport and accumulation of the constituents of 

spent fuel in geologic repositories. Groundwater compositon and its effect 

on Pu solubility is discussed in the following section. Mechanisms which 

could concentrate Pu or increase its solubility need to be evaluated for 

candidate repository sites. These include: adsorption on geologic media, 
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oxidation-reduction reactions, acid-to-base changes in the groundwater and the 

formation of plutonium complexes, colloids or transport c,s particulates. These 

processes can all be addressed during repository site chclracterization studies. 

Thus, this analysis has identified information which is obtainable and which 

may be useful in demonstrating the criticality safety of the overall geologic 

disposal system. 

At concentrations greater than Cmin, significant quantities of Pu must 

be accumulated in regions of considerable physical extent before criticality 

becomes possible. Over the concentration range studied the minimum Mc found 

was slightly less than 18 kg of Pu. This is just 4.5 tirres the Pu content 

of a single PWR fuel assembly exposed to design burnup. This may seem tri

vially small compared to repository contents of more than 105 spent fuel 

elements. However, the requirement of selective leaching and separation of 

Pu from U ensures that average concentrations will be small except at dis

posal canisters or possible accumulation sites having special geochemical 

properties. 

The minimum physical size for a spherical Pu-rock accumulation which 

could become critical without water is found for the base case. Over the 

concentration range studied the smallest sphere correspo~js to the highest 

concentratton (100 g Pull). This spehre has a diameter of about 0.9 m and 

an Mc more than twice the minimum value. The sphere corrl~sponding to the 

minimum Mc has a diameter of almost 1.9 m. Clearly, for critical ity to be 

possible considerable Pu must accumulate at a concentration exceeding Cmin 
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and in a region of considerable extent in all three dimensions. Rock 

fractures and bedded layers, which often form aquifers and groundwater 

conduits, may not be thick enough to allow criticality . 

The primary conclusions drawn from the Mc calculations are: 

• Under optimal conditions Pu criticality in dry rock in the con-

centration range from 1 to 100 g PU/2 requires a spherical Pu 

accumulation at least 1.7 m in diameter. 

• Pu masses required for criticality in dry rock depend most strongly 

on the presence of 238U which may be accumulated with the Pu. 

• Pu masses requi red for criti ca 1 ity in dry rock depend strongly on 

the fraction of 240 pu in the Pu. This effect is time dependent, however. 

• Factors such as rock density and iron content have small but significant 

effects on Mc. 

• Large increases in Mc have smaller effects on required accumulation 

size, which increases as the cube root of Mc. 

These results also provide guidance for site evaluation studies. If it 

cannot be shown that Pu concentrations above emin are precluded, it may be 

possible to showthat regions in which Pu accumulation is credible have in-

sufficient size for criticality to occur at achievable concentrations. Or, 

groundwater flow paths may be sufficiently diverse that dispersion will 

preclude attainment of the necessary Pu mass. 
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It is clear from the preceeding that incomplete sepc.ration of U from 

Pu has the greatest effect on Mc and emin values of the various factors 

studied for Pu-dry rock systems. Reduction of the 238u/ Fu ratio by a fac

tor of 10 below that in spent fuel is inadequate to allo~ criticality for 

any concentration below 100 g Pu/~. It is recommended that future geo

physical and geochemical studies address the feasibility or impossibility 

of such a separation process due to its importance to the assessment of 

criticality potential. 

108 



V. GEOCHEMICAL PLUTONIUM SEPARATION 

In this section two factors relating to the possibility of Pu criti

cality under the scenario developed in Section V are addressed. First, the 

solubilities of U and Pu in groundwater characteristic of candidate spent 

fuel repository sites are determined. These solubilities are examined to 

determine whether large changes in relative U and Pu solubility occur upon 

changes of temperature, Eh or pH. This information determines the possi

bility of precipitation when groundwater containing appropriate Pu concen

trations flows between regions of differing temperature Eh or pH. Uranium 

solubility is examined along with Pu solubility to determine whether or not 

uranium precipitation would accompany Pu precipitation if it occurred. 

Second, concentrations of Pu which could be adsorbed on geologic media 

in equilibrium with Pu saturated groundwater are calculated. These concen

trations of adsorbed Pu per unit mass of rock may be much higher than Pu 

concentrations in saturated groundwater. These concentrations are compared 

with Pu concentrations required for criticality in a geologic setting as 

determined in Section IV. 

Groundwater Solubilities of U and Pu 

In systems where water flow is slow it is reasonable to assume that solu

bility determines the maximum amount of material which may be transported. 

Solubility differences also determine whether significant precipitation may be 

possible when groundwater of one composition either mixes with another water 

type or reacts with rock types of different composition. Of course, many other 

factors are involved in determining whether precipitation may actually occur. 
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For instance, leach rates and sorption holdup of soluble species also help 

determine concentrations which may actually be found in ~Iroundwater. Never

theless, because solubility bounds concentrations it provides a meaningful 

starting place for assessing the credibility of Pu separation and concentra

tion in a geologic setting. 

The solubilities of U and Pu in groundwater are stongly dependent on 

the geologic environment through which the groundwater flows. This is true 

because the thermodynamic equilibrium between solid and solution species also 

depends upon the presence in the groundwater of other chemical species to 

which the U and Pu can be chemically bound. Thus, for instance, carbonate 

material in rocks providescarbonate ions which can form soluble complexes or 

insoluble compounds of U and Pu under appropriate conditions of pH, Eh and 

temperature. 

In Table XI, probable groundwater compositions expected within five 

geologic regimes are listed. The geologic regimes are: Columbia Plateau 

basalt20 (Hanford, WA), Jackass Flats tuff21 (Nevada Test Site), Climax Stock 

granite22 (Nevada Test Site), domed salt23 (East Texas Gu'lf Coast) and bedded 

salt24 (WIPP site, NM). 

The solubilities of U and Pu are quite sensitive to pH and Eh, so solu

bilities have been calculated for both oxidizing and reducing conditions for 

each of the geologic regimes considered. It is generally believed that deep 

repository conditions will be deficient in oxygen and high in available ferrous 

(Fe+2) iron. Consequently they will probably be reducing. Exceptions may be 

regions very near disposal canisters where radiolysis of v/ater might create 

local oxidizing regions. 
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TABLE XI. Groundwater Compositions In Geologic Media Considered 
As Candidates For Spent Fuel Repository Sites 

Chemical Groundwater Composition 
SEecies {EEm) 

23 
20 21 22 Domed 

Basalt Tuff Granite Salt 

Ca 1.1 13 9.6 - 11. 290 - 1 ,920 

K 2.5 4.7 3.7 - 4.8 130 - 160 

Mg 0.7 2 0.2 - 2.0 150 - 6,370 

Na 255 48 7.5 - 8.6 49,700 - 54,000 

Cl 131 7.6 2.3 - 2.5 67,900 - 73,000 

HC03 75 130 49 - 55 310 

C03 59 0 ° ° 
S04 72 20 5. 1 - 6.5 2,300 - 6,130 

F 29 1.7 

Br 

pH 10. 1 7.5 8.0 6.9 
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24 
Bedded 
Salt 

900 

15 

10 

115,000 

175,000 

10 

° 
3,500 

400 

6.5 



Thermochemical data used in calculating solubilities were gathered 

f t d · 25-32 Pd' t 1 t' . d t 11' rom recen com pen la. re omlnan so u lon speCles an con ro lng 

solid species for which thermodynamic equilibria were calculated are listed 

in Table XII. On the basis of conservative logic, under oxidizing conditions 

the compounds U030 2H20 (schoepite) and Pu(OH)4 were chosen to be the con

trolling solid species. Under reducing conditions the controlling solid 

species are expected to be U02 (uraninite) and Pu02" 

(The mineral coffinite (USi04) is a possible alternative to uraninite 

as the controlling solid under reducing conditions in basalt groundwater. 

However, it yields a lower solubility at normal temperature and thus is a 

less conservative choice. Also, solubility data could not be located for 

coffinite at elevated temperatures. Therefore uraninite ,,,as chosen as the 

controlling solid compound in basalt groundwater). 

The chemical equations and equilibrium constants which control the 

solubility of the U and Pu compounds are presented in Appendix B, along 

with sample calculations. The results of those calculations are presented 

here in Tables XIII and XIV. Many of the data used are e):trapolations from 

high acid conditions or chemical element analogue estimations. Experiments 

to obtain basic thermodynamic constants for U and Pu at conditions expected 

in a repository would be most useful to verify these calculations. Further, 

it should be noted that alternate calculations of Pu solubility under re

ducing conditions (also presented in Appendix B) yield Pu solubilities 

roughly lOll times larger than those of Table XIV. Those calculations are 

based upon extrapolations of experimental data on Pu02 dissolution under 
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Geologic 
Medium 

Uranium 

Solid 

Solution 

Plutonium 

Sol id 

Solution 

Uranium 

Solid 

Solution 

Plutonium 

Solid 

Solution 

.' 

TABLE XII. Control1ing Solids and Predominant 
Solution Species in Geologic Media 

Controlling Solids and Solution SQecies 

Domed 
Basalt Tuff Grani te Salt 

Oxidizing Conditions 

U030 2H2O U030 2H2O U030 2H2O U030 2H2O 

U02(C03)j- U02(C03)~- U02(C03)~- U02(C03)~-

Pu(OH)4 Pu(OH)4 Pu(OH)4 Pu(OH)4 
- -Pu02C03OH Pu02C03OH Pu02C03OH Pu02C03OH 

Reducing Conditions 

U02 U02 U02 U02 

U(OH)s U(OH)s U(OH)s U(OH)s 

Pu02 Pu02 Pu02 Pu02 

PuOH2+ PuOH2+ PuOH2+ PuC1 2+ 
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Bedded 
Salt 

U030 2H2O 

U02(C03)~-

Pu(OH)4 

Pu02C03OH 

U02 

U(OH)S 

Pu02 

PuC1 2+ 



TABLE XIII. Maximum U and Pu Solution Concentrations In 
Groundwater Under Oxidizing Conditions 

Groundwater 
Type 

Basalt 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

(assuming the presence of excess actinide solids 
and the groundwater characteristics of Table XI) 

Concentration (mg/l) 

25°C 150°C 

U Pu U 

3,210 2.8 10 

46 0.5 0.2 

6.8 0.3 0.02 

270 0.8 0.8 

0.3 0.02 9 x 10-4 
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Pu 

0.3 

0.05 

0.03 

0.08 

0.002 



Groundwater 
TYEe 

Basalt 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

TABLE XIV. Maximum U and Pu Solution Concentrations In 
Groundwater Under Reducing Conditions 
(assuming the presence of excess actinide solids 
~nd th.e ~roundwater characteristics of Table XI) 

Concentration (mg/£) 

25°C 150°C 

U Pu U Pu 

8 x 10-3 2 x 10-15 3 x 10-3 6 x 10-11 

2 x 10-5 3 x 10-9 8 x 10-6 9.5 x 10-5 

6 x 10-5 2 x 10-10 2.4 x 10 -5 6 x 10-6 

5 x 10-6 3 x 10-5 2 x 10-6 0.85 

2 x 10-6 8 x 10-4 8 x 10-7 25. 

115 



oxidizing conditions. 28 Because of the unreasonably high Pu solubilities 

predicted by those calculations their results are dismis~;ed as unrealistic. 

The existence of such conflicting results~ however, indicates a need for 

additional experimental investigation of Pu solubility in groundwater under 

reducing conditions. 

From the standpoint of criticality prevention, one would like to be 

able to state that selective Pu precipitation could not occur for groundwater 

passing from any geologic or temperature regime to any other. ~nfortunately, 

the results presented in Tables ~IIand XIV do not support such a strong con

clusion. Nevertheless there are many transitions for which selective Pu 

precipitation cannot occur. These transitions, and the significance of 

transitions for which selective Pu precipitation could oC1:ur, are discussed 

in the following paragraphs. 

Leaching under oxidizing conditions would not be expl~cted to yield 

selective precipitation of Pu. (Oxidizing conditions might be found near 

spent fuel canisters due to rad;olys;s of groundwater). If leaching caused 

solubility limits to be approached for both U and Pu~ precipitation of both 

species would occur upon flow transition to reducing cond~tions, regardless 

of temperature. With the exception of granite at elevated temperatures~ the 

solubility of U greatly exceeds that of Pu under oxidizin9 conditions. Conse-

quently, much more U than Pu would precipitate upon a flo~' transition to 

reducing conditions. In ~ranite, if leaching at elevated temperatures yielded 

groundwater saturated in both U and Pu, precipitation upon a flow transition 

to reducing conditions would result in a UjPu ratio near unity. This would 

not be the case, however, if leaching occurred at lower temperatures. In 
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general, leaching would be expect~d to yield greater concentrations of U 

than Pu in groundwater if solubility limits were not approached. This is 

due to the greater abundance of U than Pu in spent fuel. Consequently, 

if leaching occurs under oxidizing conditions, selective precipitation of 

Pu caused by return to reducing conditions should not be of concern. 

For non-salt groundwaters Pu precipitation would not occur upon flow 

transition from reducing to oxidizing conditions, since Pu solubilities 

increase. Selective Pu precipitation during cooling could occur if leaching 

occurred under reducing conditions at elevated temperatures, since Pu solu-

bility decreases about four orders of magnitude with temperature reduction 

from 150 0 to 25°C while U solubility does not. Localized accumulation of 

precipitates, however, would be unlikely under this scenario since precipi-

tation would be distributed along the groundwater flow path during cooling. 

Furthermore, Pu solubilities for the non-salt cases are seen to be very low, 

minimizing the amount of Pu which could be carried by the groundwater. 

Basalt groundwater is seen to have the lowest Pu solubility at any tempera

ture under reducing conditions. Finally, silica (Si02), which is present in 

groundwater, rocks and backfill materials such as clay and sand, exhibits 

increased solubility with temperature. 33 Cooling during groundwater flow 

away from disposal canisters would be expected to precipitate silica and 

trap other materials such as U and Pu in surface coatings. This would 

lessen the probability of selective Pu precipitation. No attempt has been 

made to quantify this effect, however. The interested reader is referred 

to recently published articles which discuss silica precipitation from 

geothermal water. 34 , 35 
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Salt media groundwaters have the highest Pu solubility under reducing 

conditions. Under these conditions Pu solubilities greatly exceed U solu

bilities. Precipitation of Pu, but not of U, would result for either cooling 

under reducing conditions or flow transition to oxidizin£ conditions. (Copre

cipitation of U and Pu with silica might minimize this effect, though). The 

criticality significance of such precipitation, however, would not necessarily 

be great. Neutron absorption in salt is relatively high, due to its chlorine 

content. (The strong effect of saturated brine compared with water in spent 

fuel-water mixtures is shown in Section II!). Consequenty, the criticality 

significance of selective Pu precipitation from groundwater flows in saH 

media would be greatly reduced as long as the groundwater remained saline. 

Therefore, selective Pu precipitation from groundwater cannot be ruled 

out for all flow transitions between regions of different temperature or Eh 

and pH. Nevertheless, it is not expected for transitions from oxidizing to 

reducing conditions, or during cooling under oxidizing conditions. Selective 

Pu precipitation from non-saH groundwaters is not expectl~d upon flow tran

sitions from reducing to oxidizing conditions. 

Selective Pu precipitation could occur during coolinq of non-saH 

groundwaters under reducing conditions. It could also occur from salt 

groundwaters under reducing conditions during either cool "ing or during 

flow transition to oxidizing conditions. 

As was discussed above the criticality significance of selective Pu 

precipitation may not be great even when it is possible. Mitigating factors 
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could be either very low Pu solubility, salt in the groudwater, or coprecipi

tation of U and Pu with silica. It may be possible to rule out selective Pu 

precipitation altogether when site specific factors are considered. Geologic 

studies may eliminate the possibility of favorable flow transitions, or it 

may be shown that sorption holdup depresses Pu concentrations in groundwaters 

so far below solubility limits that precipitation at flow transition5cannot 

occur. Such studies, however, must await the site selection process. 

Maximum Adsorbed Concentrations of U and Pu 

The solubility limits listed in Tables XIII and XIV have been used in 

the calculation of maximum adsorbed concentrations of U and Pu which could 

exist in equilibrium with saturated groundwater. These calculations are 

based on empirically determined values of the distribution coefficient Kd, 

where 

and 

Crock = Concentration of the element 
adsorbed on rock in units of mg/g 

Csolution = Concentration of the element in 
solution in units of mg/cm3 

Kd = Distribution coefficient, units cm3/g. 

Table XV lists Kd values for the geologic media considered. These values 

were taken from the literature, 21, 22, 36-44 and the references from which 

119 



Basalt 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

Basal t 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

* Estimate 

fABLE XV. Values of KcI For Uran i urn and Pl uton i urn 
at 25°C. Units are cm3/g 

Uranium Kd Plutonium Kd 

Range of Best Range of Best 
Values Estimate Reference Values Estimate 

Oxidizing Conditions 

o - 50 5 36 70 - 700 100 

1 - 15 5 43 70 - 12,000 150 

2 - 10 3 22 1 ,000 - 4,0)0 1,000 

570 570 38 350 - 450 400 

1 1 39 60 - 11)0 60 

Reducing Conditions 

3 - 60 10 36 103 _ 104 3,000 

1 - 60 15 43, 44 120 - 300 300 

1.2 1.2 22 102 - 104 1,900 

200 200 38 700 - 1,100 700 

10 * 260 

120 

Reference 

36, 40 

21, 42 

22, 40 

38 

41 

40 

42 

22, 40 

38 



they were obtained are also listed in the Table. In most cases a range of 

values was found, and a conservative best estimate value was selected. Kd 

values were estimated for cases where values were not found in the literature 

based on chemical analogues or trends in available data for other media. 

Tables XVI and XVII list values of adsorbed concentrations of U and 

Pu which could exist in equilibrium with saturated groundwater for the geo

logic media considered. The units of Table XVI are milligrams of sorbed 

species per gram of rock or salt. These units have been converted to grams 

per liter for Table XVII assuming that the rock or salt is at theoretical 

density (no void space) of 2.9 or 2.2 g/cm3 , respectively. 

Tables XVI and XVII list both best estimate values and the range of 

concentrations resulting from the range of published Kd values. These 

concentrations are seen to be well below the value of 1 g Pu/~, which is 

shown in Section IVto be the minimum critical concentration for Pu in geo

logic media. We therefore conclude that under reducing conditions sorbed 

concentrations of Pu in equilibrium with saturated groundwater cannot result 

in criticality in geologic regimes. It was necessary to estimate Kd values 

only for reducing conditions. For Pu these estimated values of Kd could be 

increased by three orders of magnitude before the maximum sorbed Pu concen

tration approached 1 g/~. Consequently, the use of estimated Kd values is 

unlikely to invalidate this conclusion. 

Under oxidizing conditions maximum sorbed concentrations of Pu corres~ 

ponding to our best estimate Kd values do not exceed 1 g Pu/~, although they 
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Basalt 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

Basalt 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

TABLE XVI. Maximum Adsorbed Concentrations of U and Pu At 
25°C.Units are Milligrams Per Gram (if Geomedium 

U Concentration Pu Concentration 

Range of Best Range of 
Values Estimate Values 

Oxidizing Conditions 

o - 160 16 0.2 - 2.0 

0.05 .. 0.7 0.23 0.04 ~ 6.0 

J.Ol - 0.07 0.02 0.30 - 1.20 

150 150 0.28 - 0.36 

3 x 10-4 3 x 10-4 1 x 10-3 - 2 x 10-3 

Reducing Conditions 

2 x 10-5 - 5 x 10-4 8 x 10-5 2 x 10-15 - 2 x 10-14 

2 x 10 .. 8 - 1 x 10-6 3 x 10-7 4 x 10-10 - 9 x 10~10 

7 x 10-8 7 x 10-8 2 x 10-11 - 2 x 10-9 

1 x 10-6 1 x 10-6 2 x 10-5 - 3 x 10-5 

2 x 10-8 2 x 10-8 2 x '10-4 
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Best 
Estimate 

0.28 

0.08 

0.30 

0.32 

1 x 10-3 

6 x 10-15 

9 x 10-10 

4 x 10-10 

2 x 10-5 

2 x 10-4 

• 
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TABLE XVII. Maximum Adsorbed Concentration of U and Pu 
at 25°C.Units are Grams per Liter of Geomedium 

U Concentration Pu Concentration 

Basalt* 

Tuff* 

Granite* 

Domed Salt + 

Bedded Salt + 

Basalt* 

Tuff* 

Granite* 

Domed Salt + 

Bedded Salt + 

Range of 
Values 

o - 460 

0.15 - 2.0 

0.03 - 0.20 

330 

7 x 10-4 

5 x 10-5 - 1 x 10-3 

6 x 10-8 - 3 x 10-6 

2 x 10-7 

2 x 10-6 

4 x lO-S 

Best 
Estimate 

Range of 
Values 

OXidizing Conditions 

46 0.6 - 5.S 

0.7 0.1 .. 17 

0.06 0.9 - 3.5 

330 0.6 - 0.8 

7 x 10-4 3 x 10-3 - 4 x 10-3 

Reducing Conditions 

5 x 10-6 6 x 10-15 - 6 x 10-14 

9 x 10-7 1 x 10-9 - 3 x 10-9 

2 x 10-7 6 x 10-11 - 6 x 10-9 

2 x 10-6 5 x 10-5 - 7 x 10-5 

4 x 10-8 5 x 10-4 

* Assumes rock at theoretical density of 2.9 g/cm3. 

+ Assumes salt at theoretical density of 2.2 g/cm3• 
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Best 
Estimate 

0.8 

0.2 

0.9 

0.7 

3 x 10-3 

2 x 10-14 

3 x 10-9 

6 x 10-10 

5 x 10-5 

5 x 10-4 



have essentially that value. Thus, if these Kd values are confirmed by 

further research, criticality cannot result from sorbed Pu in equilibrium 

with saturated groundwater under oxidizing conditions either. 

If the largest published Kd values are used instead of best estimate 

values the highest sorbed Pu concentration predicted is 6 g Pu/t, for basalt. 

This concentration is below the minimum critical concentration for mixtures 

of pure 239pu and water. It is, of course, highly unlikely that groundwater 

saturated with Pu would be found over a large enough regiJn to be of criti

cality significance. If it were, however, and a Pu concentration of 6 g Pit 

were sorbed on the geomedia, curiticality would still be '~xtremely unlikely. 

240 pu content, uranium contamination, neutron absorbing impurities in the 

rocks and non-spherical geometry of the adsorbed vein wou'ld all contribute 

to raising the minimum critical Pu concentration to or above 6 g PUlL 

In summary, the maximum adsorbed Pu concentration predicted using best 

estimate Kd values for sorbed Pu in equilibrium with satul'ated groundwater 

;s too low to allow criticality. If higher sorbed concentrations are possible, 

corresponding to Kd values larger than our best estimates" many site-specific 

factors would cause criticality to be extremely unlikely. Even if the highest 

Pu concentration listed in Table XVII were correct, criticality would not be 

expected to result from Pu sorbed on rock. However, if Kc. values do not exceed 

our best estimate values, criticality resulting from sorbed Pu is impossible. 

Therefore, confirmation that Kd values do not exceed our test estimates would 

remove this possibility from further consideration. 
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APPENDIX A 

GRAPHS OF CRITICAL ~~ASS AND K.x, VS. CONCENTRATION 

FOR CASES DISCUSSED IN SECTION III 

The determination of minimum critical mass for fissile material of any 

given composition requires the performance of critical radius searches for 

several concentrations of the fissile material in water. The MCM is then 

determined by graphing the critical mass, Mc, vs the concentration (or 

water-to-fuel ratio, W/F) and reading the minimum value from the curve. 

The graphs of Mc vs W/F ratio used to determine the MCM values presented 

in Section IV are presented in this appendix. Values of the W/F ratio 

yielding optimum moderation may be determined from these curves. 

Values of km determined in the calculations of Mc values are also 

plotted here as a function of W/F ratio. An indication of the difference 

between koo values corresponding to the optimum W/F ratios (which are plotted 

as a function of exposure in Section IV) and the maximum koo values for 

given fissile material compositions may be obtained from these curves. 

However, because the search procedure used in this study focused on deter-

mination of M01 values, and because maximum koo values occur at different 

W/F ratios than MCM values, not all of the koo curves extend to the maximum. 

Nevertheless, considerable information is obtainable from the shape of those 

curves. Also, the span of W/F ratios is great enough that the km curves 

do show a maximum in many cases. 

A. 1 



Inspection of the curves presented herein will provide guidance for 

future studies using more specific fissile fuel compositions (as opposed 

to the parametric variations from a base case investigated in this study). 

Determination of the separate effects on optimum ~~/F ratio of fissile en

richment, exposure, radioactive decay and actinide composition studied 

should allow improved estimation of the range of W/F ratios in which to 

seek the optimum for specific cases of interest in following studies. 
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FIGURE A.l. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Unexposed Base CasEfFuel (* PWR Oxide Fuel Initially 
Enriched to 3.5 Wt% 235U) 
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FIGURE A.2. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 10 GWD/MTM and Decayed 10 years 
After Discharqe 
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FIGURE A.3. 
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Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 20 GWD/MTM and Decayed 10 Years 
After Discharge. 
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FIGURE A.4. Actinide Critical Mass and kro as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 10 Years 
After Discharge 
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FIGURE ~. 
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Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 35 GWD/MTM and Decayed 10 Years 
After Discharge 
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FIGURE A.6. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Unexposed 2.5% Enriched BWR Fuel 
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FIGURE A.7. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for 2.5% Enriched BWR Fuel Exposed 10 GWD/MTM and Decayed 
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FIGURE~. 
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Actinide Critical Mass and koo as a Function Jf Water to Fuel Volume 
Ratio for 2.5% Enriched BWR Fuel Exposed 15 ;WD/MTM and Decayed 
10 Years After Discharge 
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FIGURE A.9. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for 2.5% Enriched BWR Fuel Exposed 20 GWD/MTM and Decayed 
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FIGURE A.10. Actinide Critical Mass and k", as a Function ,)f Water to Fuel Volume 
Ratio for Unexposed 4.5% Enriched PWR Fuel 
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FIGURE A.ll. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for 4.5% Enriched PWR Fuel Exposed 30 GWD/MTM and Decayed 
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FIGURE A.12· Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for 4.5% Enriched PWR Fuel Exposed 40 GWD/MTM and Decayed 
10 Years After Discharge 
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FIGURE A.13. Actinide Critical Mass and koo as a Function of Water to Fue1 Vo1ume 
.- Ratio for 4.5% Enriched PWR Fue1 Exposed 45 GWD/MTM and Decayed 
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FIGURE A.14. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Rati 0 for 4.5% Enri ched PWR Fuel Exposed ~;o GWD/MTM and Decayed 
10 Years After Discharge 
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FI GUR E A. 15 . 
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Actinide Critical Mass and k:o as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 30 Years 
After Di scharge 
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FIGURE A.1.§... 
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Actinide Critical Mass and koo as a Function of Water to Fuel Vol ume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 100 Years 
After Discharge 
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FIGURE A.17. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/~rrM and Decayed 300 Years 
After Discharge 
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FIGURE A.1B. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 1,000 Years 
After Discharge 
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FIGURE A.19. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 10,000 Years 
After Discharge 
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FIGURE A.20. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 30,000 Years 
After Discharge 
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FIGURE A.21. 
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Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for Base Case Fuel Exposed 30 GWD/MTM and Decayed 100,000 
Years After Discharge 
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FIGURE A.22. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for 60 volume % Rock Mixed with Unexpcsed Base Case Fuel 
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FIGURE A.23. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for 60 Volume % Rock Mixed with Base Case Fuel Exposed 10 GWD/ 
MTM and Decayed 10 Years After Discharge 
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FIGURE A.25. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for only the U and Pu Content of Base Case Fuel Exposed 20 GWD/ 
MTM and Decayed 10 years After Discharge 
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FIGURE A.24. 
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Actinide Critical t~ass and k"" as a Function of Water to Fuel Vol ume 
Ratio for 60 Volume % Rock Mixed with Base Case Fuel Exposed 20 GWD/ 
MTM and Decayed 10 Years After Discharge 
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FIGURE A.26. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for only the U and Pu Content of Base Case Fuel Exposed 30 GWD/ 
MTM and Decayed 10 Years After Discharge 
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FIGURE A.27. Actinide Critical Mass and koo as a Function of Water to Fuel Volume 
Ratio for only the U and Pu Content of Base Case Fuel Exposed 35 GWDj 
MTM and Decayed 10 Years After Discharge 
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FIGURE A.28. Actinide Critical Mass and koo as a Functicln of Lattice Spacing for 
Unclad 0.82 em Diameter Rods of Unexposed Base Case Fuel 
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FIGURE A.29. 

~ 

~ . ~ -

Actinide Critical Mass and koo as a Function of Lattice Spacing for 
Unclad 0.82 cm Diameter Rods of Base Case Fuel Exposed 20 GWD/MTM 
and Decayed 10 Years After Discharge 
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FIGURE A.30. Actinide Critical Mass and koo as a Function of Lattice Spacing 
for Unclad 0.82 cm Diameter Rods of Bas·~ Case Fuel Exposed 30 
GWD/MTM and Decayed 10 Years After Disc1arge 
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FIGURE A.31. Actinide Critical Mass and k~ as a Function Lattice Spacing for 
Unclad 0.82 cm Diameter Rods of Base Case Fuel Exposed 40 GWD/ 
MTM and Decayed 10 Years After Discharge 
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FIGURE A.32. Actinide Critical Mass and koo as a Function of Lattice Spacing 
for Brine r~oderated Unclad 0.82 cm Diameo:er Rods of Unexposed 
Base Case Fue 1 
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FIGURE A.33. Actinide Critical Mass and koo as a Function of Lattice Spacing 
for Brine Moderated Unclad 0.82 cm Diameter Rods of Base Case 
Fuel Exposed 10 GWDjMTM and Decayed 10 Years After Discharge 8 . ~.. . .. 
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CALCULATIONS OF U AND PU SOLUBILITY IN GROUNDWATER 
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APPENDIX B 

CALCULATIONS OF U AND PU SOLUBILITY IN GROUNDWATER 

The chemical equations and thermodynamic data used to determine the 

solubilities listed in Tables XIII and XIV of Section V are presented in 

this appendix. These calculations use the equilibrium constant for a re

action, K, which relates the activities of reaction products at equilibrium. 

Activities are assumed equivalent to the concentration of solution species. 

Consequently, for the reaction 

HCO; t H+ + CO~-

the concentrations of the species involved, denoted by writing the 

species inside brackets e. g. [HC03], are related by 

Because values of K are often very large or very small it is common 

practice to list values of log K rather than K. 

The concentration of any solid in excess of that in solution does 

not affect the equilibrium. Consequently, K is defined so that when 

evaluating an equation such as Equation 2 the concentrations of pure 

solid species and pure water are set equal to unity. Units of concen

trations are moles per liter, denoted by ~. 

B. 1 
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Uranium Solubility - Oxidizing Conditions 

Under oxidizing conditions U030 2H20 is the controlling uranium solid 

species. This compound can also be denoted by U02(OH):~oH20. The predomi

nant solution species expected in basalt groundwater i:; U02(C03)j-. Chemical 

equations used to determine the equilibrium between thl~se species are listed 

and combined below. Log K values for these reactions dre also listed along 

with the sources of these values. 

Reference 
-+- + 2-
+ 3H + 3C03 log K = -30.99 29 

2+ 
U02(OH)2oH20 ~ U02 + 20H + H20 log K = -22.4 27 

log K = 21 J 

U02(OH)2 oH20 + 3HC03 ~ U02(C03)34- + 3H+ + 20H" + H20 

log K = -31.99 

27 

The relations between the concentrations of these species at 

equilibrium is then 

[U02(C03)j-] [H+]3 [OH-]2 [H20] 

[U02(OH)2oH20] [HC03]3 
= 10-31 .99 

B.2 

(3) 

(4) 



To solve this relation for [U02(C03)j-] we first set concentrations 

of water and solids to unity. 

In addition we use the definition of pH and pe 

+ - log [H ] - pH 

log [OH-] = -14 + pH 

-log [e-] = pe = 16.9 Eh 

Then, taking logarithms of Equation 4 we have 

Groundwater compositions and data needed to evaluate Equation 7 

are listed in Table B1. For basalt groundwater we make the conser-

vative approximation: 

10g[HCO;] ~ 10g[C03 total] = -2.66 

Inserting this and the value of pH into Equation 7 yields 

109[U02(C03)j-] = -1.87 

[ ( )4- -2 U02 C03 3 ] = 1.34 x 10 M 

B.3 

(5) 

(6) 

(7) 

(8) 

(9) 



This is the molarity of U, which converts to 

[UJ = 3210 ppm 

Thus, the concentration of dissolved U in this groundwater 

(characteristic of basalt rock) cannot exceed 3210 weigllt parts 

per mi 11 ion. 

B.4 
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The predominant solution species in groundwater in tuff, granite, 

domed and bedded salt regions under oxidizing conditions is expected to 

be U02(C03)~: The chemical equations and log K values relating equili

brium concentrations of these species are 

- -+ + 2-2HC03 +' 2H + 2C03 log 

U02(OH)2' H2O -+ UO~+ + 20H- + H2O log +' 

UO 2+ + 2C02- -+ U02(C03)~- log 2 3 +' 

Concentrations are then related by 

[U02(C03)~-] [H+]2 [OH-]2 [H20] = 10-26 . 37 

[U02(OH)2'H20-] [HC03]2 

K = -20.66 

K = -22.4 

K = 16.69 

Again invoking Equations 5 and 6 and taking logarithms 

Reference 

29 

27 

27 

(12) 

log [U02(C03)~-] = 26.37 + 2 pH + 2 (14 - pH) + 2 log [HCO;] (13) 

Evaluating this equation using data from Table 81 yields the results listed 

in Table 82. 

8.5 



Chemical 
Species 

Ca 
K 

Mg 

Na 
Cl 
HC03 
C03 
S04 
F 
Br 

_11 

I'" 

Eh (volts) 

[C03]total (!i) 

log [C03]tota 1 

[Cl] (!i) 

10g[Cl] 

TABLE B.l. Groundwater Compositions and Other Physical 
Properties in Geologic Media Considered as 
Candidates for Spent Fuel Repository Sites 

Basalt 20 

1.1 
2.5 

0.7 
255 
131 

75 
59 
72 

29 

IU.I 

-.046 

2.2 x 10-3 

-2.66 

3.7 x 10-3 

-2.43 

Groundwater Composition 
(ppm) 

Tuff 21 Granite 22 
Domed 23 
Salt 

13 9.6 - 11 290 - 1,920 
4.7 3.7 - 4.8 130 - 160 
2 0.2 - 2.0 150 - 6,370 

48 7.5 - 8.6 49.700 - 54.000 
7.6 2.3 - 2.5 67,900 - 73,000 

130 49 - 55 310 
0 0 0 

20 5.1 - 6.5 2,300 - 6,130 

1.7 

Other Chemical Properties 

7.5 8.0 6.9 

2.13xlO-3 8.2 x 10-4 5.1 x 10-3 

-2.67 -3.09 -2.29 

2.1 x 10-4 7.1 x 10 -5 2.0 

-3.67 -4.15 +3.1 

Bedded24 
Salt 

900 
15 
10 

115,000 
175,000 

10 
0 

35,000 

400 

6.5 

1.6 x 10-4 

-3.79 

3.2 

+0.51 

• l 
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TABLE B.2. Equilibrium Uranium Concentrations in Oxidizing 
Groundwaters in Tuff, Granite and Salt 

Medium 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

[U02(C03)~-] 
(Mol ar) 

1 .9 x 10-4 

2.9 x 10-5 

1.1 x 10- 3 

1.1 x 10-6 

Uranium Solubility - Reducing Conditions 

U 

(ppm) 

46 

6.B 

270 

0.3 

Under reducing conditions the controlling .uranium solid species is 

U02 and the predominant solution species is U(OH)S' The equilibrium be

tween these species is determined by 

U02 + 4H+ :. U4+ + 2H20 

U4+ + 5H20 :. U(OH)S + 5 H+ 

log K = . -4.6 

log K = -13 

log K - -17.6 

so that concentrations are related by 

[ U ( OH ) ~ ] [ H + ] 

[U02] [H20]3 

= 10-17 . 6 

B.7 

Reference 

27 

27 

(14 ) 

(15 ) 



To evaluate the concentration of U(OH)~ we use 

(16 ) 

and Equation 6 so that 

log [U(OH); ] - - 17.6 + pH (17) 

Inserting values of pH from Table Bl yields the results listed in Table B3. 

TABLE B.3. Equilibrium Uranium Concentrations in Reducing 
Groundwaters in Various Geologic Media 

f'1edi urn 

Basalt 

Tuff 

Granite 

Domed Salt 

Bedded Salt 

[U(OH)S] 
(Molar) 

3.2 x 10-8 

7.9 x 10-11 

2.5 x 10-10 

2.0 x 10-11 

7.9 x 10-12 

B.8 
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Plutonium Solubility - Oxidizing Conditions 

Under oxidizing conditions the controlling Pu solid species is Pu(OH)4' 

and the predominant solution species is Pu02C030H-. The calculations of 

this section use an empirical, concentration dependent equilibrium constant 

(as opposed to a true thermodynamic equilibrium constant) derived by Rai, et. 

a1 28 from their measurements of Pu(OH)4 solubility under oxidizing (air 

equilibrated) conditions. Using the theoretical relationship between 

pe- and Eh (Equation 6) and equating the measured redox 

potential (Em) to Eh, a functional relationship between Eh and pH was 

derived. This relationship allows pe to be written in terms of pH. 

The resulting reaction and corresponding equilibrium constant are: 

~ + -Pu(OH)4 + Pu02 + 2H20 + e 

log KC = 13.5 + 0.12 pH 

The chemical equations relating the equilibrium of the solid and 

solution species are 

Reference 

HC03 t CO~- + H+ log K = -10.33 29 
+ 

PU(OH)4 t Pu02 + 2H20 + e - 28 log K = -13.5 + 0.12 pH 

PU02+ t PUO~+ + e- log K = -15.7 29 

2H20 t 2H+ + 2 OH- log K = -28.00 29 

2+ 2 - ~ -Pu02 + C03 + OH + Pu02C03OH log K = 23.85 30 

B.9 

(18 ) 

(19) 



Concentrations are then related by 

[Pu02C030H-] [H+]3 [OH-] [e-]2 

[Pu(OH)4] [HCOj] 
= 10-43 •66 + 0.12 pH (21) 

To solve this equation for the plutonium concentration in solution we set 

the concentration of the solid species to unity 

(22) 

and use the definition 

log [e-] = -pe = -16.9 Eh (23) 

with equations 6. Then, taking logarithms and collecting terms, 

Values of pH and log [HC03] are listed in Table B1. Values of Eh 

are taken to be 

Eh = 0.727 - 0.0545 pH. (25) 

Equation 25 was obtained from Figure 3 of Reference 2B which gives the 

experimentally determined relation between these parameters. Since the 

experiments were performed in the presence of air these Eh values are 

appropriate for oxidizing conditions. Inserting these values into 

Equation 24 yields the results listed in the following Table B4. 

B. 1 a 
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TABLE B.4. 0 Equilibrium Plutonium Concentrations in 
Oxidizing Groundwaters in Various Geologic Media 

Medium 

Basalt 

Tuff 

Granite 

Domed-Salt 

Bedded Salt 

[Pu02C030H-] 
(Molar) 

1.2 x 10-5 

2. 1 x 10-6 

1.1 x 10-6 

3.5 x 10-6 

8.7 x 10-8 

Pu 
(ppm) 

2.8 

0.5 

0.3 

0.8 

0.02 

It should be noted that these Pu solubilities may be exceeded in 

the small region near the waste canister where radiolysis dissociates 

water molecules. In that region Eh values might exceed those given in 

Equation 25, increasing Pu solubility. However, if that happens, the 

effect will be confined to the waste-groundwater interface. Consequently 

it should not be a factor in Pu transport and accumulation scenarios. 

Plutonium Solubility - Reducing Conditions 

Under reducing conditions the controlling solid species is Pu020 

The predominant solution species is PuOH2+ for non-salt solutions, and 

PuC,2+ for salt solutions. Chemical equations and equilibrium constants 

used to determine the equilibrium between solid and solution species for 

non-salt groundwaters are 

B.ll 



4Pu02 + 12H+ ; 4Pu3+ + 6H20 + 02 log K = -44 

4Pu3+ + 4H20 ; 4PuOH2+ + 4H+ log K = -32 

4H+ + 02 + 4e-:; 2H20 log K = 83.10 

+ - 2+ 4Pu02 + 12H + 4e ~ 4PuOH + 4H20 log K = 7.10 
+ - 2+ Pu02 + 3H + e :; PuOH + H20 log K = 1.78 

Concentrations are then related by 

[PuOH2+] [H20] 

[Pu02J [H+]3 [e-] 

Reference 

27 

27 

29 

(26 ) 

(27) 

To solve this equation for the plutonium concentration in solution 

we use 

(28 ) 

plus Equations 6 and 23. Then 

2+ log [PuOH ] = 1.78 -3pH -16.9 Eh (29 ) 

values of pH are listed in Table Bl. 

B .12 
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Values of Eh in rocks typical of deep geologic repository environ

ments are not well established. Conservatively high solubility estimates 

have been achieved by selecting Eh-pH values near the lower limit of 

values measured for numerous natural aqueous environments. 32 Such Eh 

values are near, but above, the lower limit of water stability. They 

are listed in Table B5. 

TABLE B.5. Values of Eh Assumed for Reducing 
Groundwaters in Various Geologic Media 

Eh 
Medium (volts) -E!L 

Basalt -0.5 10. 1 

Tuff -0.4 7.5 

Granite -0.425 8.0 

Domed Salt -0.35 6.9 

Bedded Salt -0.33 6.5 

The Eh values listed in Table B5 may be considerably less negative 

than those which actually exist in candidate repository groundwaters. 

Two measurements have been made in deep repository environments, with care 

taken to exclude air contamination. The results are: Hanford basalt, 

Eh = -46 mV; Swedish granite, Eh = ~200 mV. These values are considerably 

less negative than the values assumed here for conservatism, and would result 

in smaller estimates of Pu solubility. Additional, repeatable, measurements 

of Eh under repository conditions would therefore be quite helpful. 

B.13 



The Eh values of Table 85 are used in the Pu solubility calculations 

for the salt groundwaters as well as for the non-salt cases. For the salt 

environments under reducing conditions PuC1 2+ will be the solution species 

in equilibrium with solid Pu02. The chemical equations and equilibrium 

constants determining solution concentrations at equiliJrium are: 

Reference 

+ -+ 3+ 4Pu02 + 12H + 4Pu + 6H20 + 02 log K = -44 27 
+ - -+ 4H + 02 + 4e + 2H2O log K = 83.1 29 

4H+ + 4Cl- t 4HCl log K = 16. :~ 29 

4Pu3+ + 4HCl t 4PuC1 2+ + 4H+ log K = -9.6 30 

+ - - -+ 2+ 4Pu02 + l6H + 4e + 4Cl + 4PuCl + 8H20 log Ie = 45.7 

+ - - -+ 2+ Pu02 + 4H + e + Cl + PuCl + 2H20 10g K = 11.43 (30 ) 

The concentrations are then related by 

= 1011 .43 (31 ) 

To solve this for the Pu solution concentration we use Equations 

6,23 and 28. Substituting, we find 

log [PuC1 2+] = 11.43 -4pH -16.9Eh + log [Cl-] (32 ) 

B.14 
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The Pu concentration may then be calculated by substituting values from 

Table Bl and Table B5. Results for both salt and non-salt cases are 

presented in Table B6. 

TABLE B.6. Equilibrium Plutonium Concentration in 
Reducing Groundwater in Various Geologic Media 

[PuC1 2+] Pu 
Medium (Molar) (ppm) 

Basalt 8.5 x 10-21 2 x 10-15 

Tuff 1 x 10-14 3 x 10-9 

Granite 9.2 x 10-16 2 x 10-10 

Domed Salt 1.1 x 10-10 3 x 10-5 

Bedded Salt 3.3 x 10 -9 8 x 10-4 

Solubility Effects of Elevated Temperatures 

Heat released in radioactive decay will raise repository temperatures. 

Consequently thermodynamic data have been reviewed to determine solubilities 

at a temperature of 150°C. Reference 27 provided a source for most elevated 

temperature data. 

For U03·2H20 (uranium under oxidizing conditions) the effect of a 

temperature of 150°C is to lower the solubility by 2.5 orders of magnitude . 

This is true for both Equations 3 and 11. Consequently, in Table 13 of 

Section VI the high temperature uranium solubilities are reduced by a 

factor of 10-2. 5 = 3.16 x 10-3 below solubilities at 25°C. 

B .15 



For U02 (uranium under reducing conditions) the effect of a temperature 

of 150°C is to lower the solubility expressed in Equaticn 14 by 0.4 order of 

magnitude. Consequently, in Table 14 of Section VI high temperature uranium 

solubilities are reduced by a factor of 10-0.4 = 0.4 below solubilities at 

For Pu02 (Pu under reducing conditions) the effect of a temperature 

of 150°C is to lower the solubility expressed in Equation 27 by 4.5 orders 

of magnitude. Consequently, in Table 14 of Section VI high temperature 
-4 5 -5 Pu solubilities are reduced by a factor of 10 . = 3.16 x 10 below 

solubilities at 25°C. 

Thermochemical data for the complex Pu02C030H (Pu under oxidizing 

conditions) are not given in Reference 27. Consequently, the temperature 

effect on Equation 20 could not be evaluated directly. However, data on 

the dissolution of Pu(OH)4 under oxidizing conditions leading to the 

formation of PU02(OH)~ and PU02(C03)~- were reviewed. For these reactions 

dissolution effects are reduced by 1.8 and 1.0 orders of magnitude, 

respectively. A similar effect is to be expected in Equation 20. For 

conservatism the smaller effect was assumed. Consequently, in Table 13 

of Section VI high temperature Pu solubilities are a factor of 10 smaller 

than solubilities at 25°C. 

B.16 
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Unsatisfactory Calculation of Pu Solubility Under Reducing Conditions .. 

Inadequate data are presented in the literature to evaluate the 

dissolution of Pu02 under reducing conditions. However, extrapolation 

to reducing conditions of experimental data from Pu02 dissolution de

rived under oxidizing conditions (Reference 28) yields the following 

relation 

+ + -Pu02 + PuO 2 + e log K = -16.2 + 0.28pH 

which may be used as follows for non-salt groundwaters. 

+ + -Pu02 + Pu02 + e log K = -16.2 + 0.28 pH 
+ + - + 4+ Pu02 + 4H + e + Pu + 2H20 log K = 18.6 

Pu4+ + e- t Pu3+ log K = 16.37 

Pu3- + H20 t Pu(OH)2+ + H log K = -8 

+ - + 2+ Pu02 + 3H + e + PuOH + H20 log K = 10.77 + 0.28pH 

Concentrations are then related by 

[PUOH2+] [H20] 

[Pu02] [H+]3[e-] 
= 1010.77 + 0.28pH 

B .17 
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Reference 

28 

31 

27 

27 

(34) 

(35) 



This is solved for the Pu solution concentration by using Equations 6, 

23 and 29, resulting in 

2+ 
log [PuOH ] = 10.77 -2.72 pH -16.9 Eh 

In salt groundwaters where Cl concentrations are .1igh, Equation 33 

may be used as follows 
Reference 

-r + - log K= -16.2 + 0.28 pH 28 PU02 + Pu02 + e 
+ + _-r 4+ 

log K= 18.6 31 Pu02 + 4H + e + Pu + 2H20 

P 4+ - -r P 3+ u + e + u log K= 16.37 29 

H+ + Cl- :t: HCl log K= 4.05 29 

Pu3+ + HCl :t: PuC1 2+ + H+ log K= -2.4 30 

(36) 

Pu02 + 4H+ + e- + Cl- t PuC1 2+ + 2H20 log K = 20.42 + 0.28 pH (37) 

Concentrations are then related by 

= 1020.42 + 0.28 pH (38) 

This is solved for solution concentrations using Equaticns 6, 23 and 28, 

yielding 

log [PuC1 2+] = 20.42 -3.72 pH -16.9 Eh - log [Cl-] (39) 

B.18 
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Equations 36 and 39 are evaluated using data from Tables B1 and B5 

for groundwaters characteristic of the geomedia under consideration. 

The results are presented in Table B7. 

TABLE B.7 . Unsatisfactory Values Predicted for Maximum 
Plutonium Concentrations in Reducing Ground-
water in Various Geological Media 

[PuOH2+] Pu 
Medium (Molar) (ppm) 

Basalt 6 x 10-9 1.3 x 10-3 

Tuff 1.3 x 10-3 320 

Granite 1.6 x 10-4 37 

Domed Salt 9.48 2.3 x 106 

Bedded Salt 212. 5.1 x 107 

These values are much larger than would be expected for dissolved con

centrations of Pu. Consequently they are rejected as unrealistic. 

The extreme extrapolation from oxidizing to reducing conditions 

performed in Equation 33 is the probable reason for these unsatisfactory 

results. One must always beware of extrapolating data trends beyond the 

range of experimental data. However, as was noted in the discussion of 

Section VI, the existence of conflicting results for Pu solubilities under 

reducing conditions indicates a need for additional investigation of 

these solubilities. 

B.19 
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